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C r e e k B a s i n a r e t h e m o s t d e p l e t e d i n J S , L a c u s t r i n e r o c k s 
i n t h e G r e e n R i v e r F o r m a t i o n , e s p e c i a l l y i n t h e P a r a c h u t e 
3 4 
C r e e k M e m b e r , h a v e t h e m o s t J S - e n n c h e d s u l f i d e s . 
A d e p o s i t i o n a l m o d e l f o r L a k e U i n t a i s g e n e r a t e d t o 
3 4 
e x p l a i n t h e h-- S v a r i a t i o n s f r o m o n e e n v i r o n m e n t t o a n o t h e r 
( m u d f l a t t o o f f s h o r e l a c u s t r i n e ) b y t h e a c t i v i t y o f s u l f a t e -
r e d u c i n g b a c t e r i a e x i s t i n g i n a r e a s w i t h s t e a d y a n d u n ­
s t e a d y s u l f a t e s u p p l i e s . 
x i v 
No corre l at ion \'las found be "tween the 6 s values of the 
lfi es   ide in ,    as
found between the 63 s values of sulfides and the mineralogy 
of the host rocks, A good correlation was found between 
the 634S of sulfides and the organic content of the host oil 
shale . Value s of 634S fO l ' contemporaneous sul fid es vary 
with lateral pos ition. The variation i s most pronounced in 
sandston  nd poorly s tratified marlstone , and is least 
pronounc d in oil shale. 
Sulfides show 634S variations throu gh vertical stratif i -
cation intervals , and correl te with variations in lithology, 
suggesting environmental control. Stratigraphic variation 
of 6345 through the Parachute Creek Member of the Green 
i  atio    es    j~
3 S in the Mahogany zone, Sulfides in fluvial rocks of the 
Wasatch Formation , the Douglas Creek Member of the Green 
River Formation, and the Uinta Formation in the Picean ce 
Creek Basin are the most depleted in 34s . Lacus trine rocks 
ll   i  , i ll    Parach
Creek Member, have the most 34S- enriched sulfides. 
 s o  el     e  t
explain the 6 S variat ions fro~ one environment to ru1othe~ 
(mudflat to offshore lac~strine) by the act ivi ty of sulfate -
reducing bacteria existing in areas with steady and un-




G e n e r a l S t a t e m e n t 
T h e T e r t i a r y r o c k s o f t h e U i n t a a n d P i c e a n c e C r e e k 
B a s i n s a r e g e o l o g i c a l l y a n d e c o n o m i c a l l y i m p o r t a n t . O i l 
s h a l e i n t h e G r e e n R i v e r F o r m a t i o n o f U t a h , C o l o r a d o , a n d 
V / y o m i n g c o n t a i n s o v e r 1 6 0 " b i l l i o n b a r r e l s o f r e c o v e r a b l e 
s h a l e o i l ( D u n c a n a n d S w a n s o n , I 9 6 5 ) . O t h e r T e r t i a r y u n i t s 
c o n t a i n l a r g e a m o u n t s o f o i l a n d g a s . 
C o n s i d e r a b l e s t u d y h a s b e e n c o m p l e t e d o n t h e W a s a t c h , 
G r e e n R i v e r , a n d U i n t a F o r m a t i o n s i n C o l o r a d o a n d U t a h . 
W o r k e r s h a v e s t u d i e d t h e s t r a t i g r a p h y , m i n e r a l o g y , p a l e o n ­
t o l o g y , g e o c h e m i s t r y a n d o r g a n i c c h e m i s t r y o f t h e s e r o c k s 
( s e e B r a d l e y , 1 9 7 0 f o r r e v i e w ) i n a n a t t e m p t t o d e f i n e 
d e p o s i t l o n a l e n v i r o n m e n t s a n d t o d e t e r m i n e t h e b i o l o g i c 
p r e c u r s o r s o f t h e o r g a n i c m a t t e r i n o i l s h a l e . H u n d r e d s o f 
p a p e r s h a v e b e e n p u b l i s h e d , y e t t h e d a t a a r e i n s u f f i c i e n t 
t o c o m p l e t e l y c h a r a c t e r i z e t h e d e p o s i t l o n a l e n v i r o n m e n t s . 
T h e s t u d i e s s h o w t h a t e a r l y T e r t i a r y d e p o s i t i o n i n U t a h 
a n d w e s t e r n C o l o r a d o w a s c l o s e l y r e l a t e d t o a l a r g e i n l a n d 
l a k e , L a k e U i n t a ( B r a d l e y , 1 9 3 1 ) . 
L a k e s a r e b e s t c h a r a c t e r i z e d b y t h e i r u n p r e d i c t a b i l i t y . 
S t u d i e s o f P l e i s t o c e n e a n d R e c e n t l a k e s s h o w t h a t w a t e r 
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l e v e l s f l u c t u a t e g r e a t l y i n r e s p o n s e t o c l i m a t i c c h a n g e . 
T h u s , g e o c h e m i c a l c o n d i t i o n s , s u c h a s s a l i n i t y , a l k a l i n i t y , 
p H , a n d E h a l s o f l u c t u a t e . G r e y a n d B e n n e t t ( 1 9 7 2 ) 
d e m o n s t r a t e d t h a t i n a l a c u s t r i n e e n v i r o n m e n t t h e i s o t o p i c 
s y s t e m s o f c a r b o n , o x y g e n a n d s u l f u r v a r y i n r e s p o n s e t o 
c h a n g e s i n c l i m a t e a n d w a t e r b u d g e t . I n c l o s e d a n d o p e n 
l a k e s y s t e m s , i s o t o p i c f r a c t i o n a t i o n w i l l a l t e r t h e i s o ­
t o p i c c o m p o s i t i o n o f l a k e w a t e r a n d i t s d i s s o l v e d c o m p o u n d s . 
T h e m a g n i t u d e o f t h e f r a c t i o n a t i o n w i l l d e p e n d o n t h e e v a p ­
o r a t i o n r a t e , b i o l o g i c a l a c t i v i t y , a n d i n o r g a n i c p r e c i p i t a ­
t i o n o f m i n e r a l s . T h e a m o u n t o f v a r i a t i o n i n t h e i s o t o p i c 
s y s t e m s w i l l d e p e n d u p o n t h e r a t e o f f r a c t i o n a t i o n , t h e 
r a t e s o f i n f l o w a n d o u t f l o w , m i x i n g , a n d t h e r e s i d e n c e 
t i m e o f a n i s o t o p e i n t h e l a k e . 
I n a n a n c i e n t l a k e d e p o s i t , s u c h a s t h e G r e e n R i v e r 
F o r m a t i o n , t h e i s o t o p i c c o m p o s i t i o n o f c a r b o n , o x y g e n , a n d 
s u l f u r c o m p o u n d s s h o u l d h o l d c l u e s t o t h e e n v i r o n m e n t a l 
c o n d i t i o n s t h a t e x i s t e d d u r i n g d e p o s i t i o n . P u b l i s h e d i s o ­
t o p e s t u d i e s o f T e r t i a r y u n i t s i n t h e U i n t a a n d P i c e a n c e 
C r e e k B a s i n s , h o w e v e r , a r e n o t n u m e r o u s . H a r r i s o n a n d 
T h o d e ( 1 9 5 8 a ) s t u d i e d t h e i s o t o p i c v a r i a t i o n o f s u l f u r -
b e a r i n g c o m p o u n d s i n t h e W a s a t c h , G r e e n R i v e r , a n d U i n t a 
F o r m a t i o n s a n d f o u n d e n r i c h m e n t o f J S i n t h e y o u n g e r u n i t s , 
G w y n n ( 1 9 7 0 ) , M a u g e r ( 1 9 7 2 ) , a n d K a u g e r a n d o t h e r s ( 1 9 7 3 ) 
v e r i f i e d t h i s t r e n d t h r o u g h s o m e i n t e r v a l s o f t h e G r e e n 
R i v e r F o r m a t i o n i n U t a h . R o b i n s o n ( 1 9 6 9 ) r e p o r t e d t h a t 
c a r b o n i n o r g a n i c m a t t e r i n G r e e n R i v e r o i l s h a l e i s 
 
levels fluctuate greatly in response to climatic change. 
T}IUEi I geochemical condl tions I such as salin! ty I alkalinity, 
pH, and Eh also fluctuate. Grey and Bennett (1972) 
demonstrat ed that in a lacustrine environment the isotopic 
systems of carbon, oxygen and sulfur vary in response to 
changes in climate and water budget. In closed and open 
lake systems, isotopic fractionation will alter the iso-
topic composition of lake water and its dissolved compounds, 
The magnitude of the fractionation will depend on the evap-
oration rate, biological activity, and inorganic precipita-
tion of minerals. The amount of variation in the isotopic 
systems will depend upon the rate of fractionation, the 
rates of inflow and outflow, mixing, and the residence 
time of an isotope in the lake . 
In an ancient lake deposit, such as the Green River 
Formation, the isotopic composition of carbon, oxygen , and 
sulfur compounds should hold clues to the environmental 
conditions that existed during deposition. Published iso-
tope studies of Tertiary units in the Uinta and Piceance 
Creek Basins , however , are not numerous. Harrison and 
Thode (1958a) studied the isotopic variation of su1fur-
• 
bearing compounds in the Wasatch, Green River, and Uinta 
Formations and found enrichment of 4S in the younger units . 
Gwynn (1970), Mauger (1972), and rf.auger and others (1973) 
verified this trend through some intervals of the Green 
River Formation in Utah. Robinson (1969) r eported that 
carbon in orga.."1ic matter in Green River oil shale is 
e n r i c h e d i n JC w i t h d e c r e a s i n g a g e , a n d t h a t t h e c a r b o n -
i s o t o p i c c o m p o s i t i o n c o r r e l a t e s w i t h t h e o r g a n i c c h e m i s t r y 
o f t h e b i t u m e n , C o l e a n d o t h e r s ( 1 9 ? 3 ) f o u n d t h a t o x y g e n 
a n d c a r b o n i s o t o p e s i n c a r b o n a t e s o f t h e G r e e n R i v e r F o r ­
m a t i o n v a r i e d f r o m o n e f a c i e s t o a n o t h e r , s u g g e s t i n g e n ­
v i r o n m e n t a l c o n t r o l . T h e s e s t u d i e s , a s a w h o l e , c l e a r l y 
s u g g e s t t h a t v a r i a t i o n i n t h e d e p o s i t l o n a l e n v i r o n m e n t o f 
L a k e U i n t a w a s a c a u s a t i v e a g e n t f o r c h a n g e i n t h e c o m p o ­
s i t i o n o f i s o t o p i c s y s t e m s . 
P u r p o s e o f S t u d y 
T h e p u r p o s e o f t h i s s t u d y i s f i v e f o l d : 1 ) t o i n v e s ­
t i g a t e , i n d e t a i l , v a r i a t i o n s i n t h e s u l f u r - i s o t o p e s y s t e m s 
o f t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s d u r i n g d e p o s i t i o n o f 
t h e G r e e n R i v e r , U i n t a , a n d W a s a t c h F o r m a t i o n s ; 2) t o 
d e t e r m i n e a n y c o r r e l a t i o n s b e t w e e n t h e m i n e r a l o g y , o r g a n i c 
c o n t e n t , a n d s u l f u r - i s o t o p i c c o m p o s i t i o n o f t h e v a r i o u s 
r o c k s ; 3 ) t o i n v e s t i g a t e t h e p e t r o l o g i c c h a r a c t e r i s t i c s o f 
o i l s h a l e a n d o t h e r f i n e - g r a i n e d r o c k s o f t h e G r e e n R i v e r 
F o r m a t i o n , a n d t o u s e t h i s i n f o r m a t i o n i n t h e i n t e r p r e t a t i o n 
o f t h e a n a l y t i c a l d a t a j 4 ) t o d e t e r m i n e t h e m i n e r a l o g y o f 
v a r i o u s r o c k s a n d s u l f i d e s i n t h e T e r t i a r y r o c k u n i t s b y 
X - r a y d i f f r a c t i o n a n a l y s i s ; a n d 5 ) t o u s e t h e m i n e r a l o g i c , 
i s o t o p i c , a n d s e d i m e n t o l o g i c d a t a t o g e n e r a t e a d e p o s i t l o n a l 
m o d e l f o r t h e P i c e a n c e C r e e k B a s i n d u r i n g o i l s h a l e 
d e p o s i t i o n . 
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isotopic , and s edi entologic data to generate a depositional 
odel for the Piceance reek Bas in during oil shale 
deposition. 
G e o l o g i c F r a m e w o r k 
T h e U i n t a a n d P i c e a n c e C r e e k E a s i n s c o n t a i n t h i c k 
a c c u m u l a t i o n s o f l a t e M e s o z o i c a n d e a r l y C e n o z o i c s e d i m e n ­
t a r y r o c k s . D e v e l o p m e n t o f t h e " b a s i n s b e g a n d u r i n g t h e 
l a k e C r e t a c e o u s a n d c o n t i n u e d i n t o t h e P a l e o c e n e ( L a r a m i d e 
O r o g e n y ) . B a s i n s u b s i d e n c e i n t h e E o c e n e w a s c o n t e m p o r a n e o u s 
w i t h d e p o s i t i o n o f t h e W a s a t c h , G r e e n R i v e r , a n d U i n t a 
F o r m a t i o n s ( R o b i n s o n , 1 9 7 2 ) , 
U i n t a B a s i n 
T h e U i n t a B a s i n ( F i g , 1 ) i s a s t r u c t u r a l a n d t o p o ­
g r a p h i c b a s i n t h a t t r e n d s e a s t e r l y a n d s o u t h e a s t e r l y a c r o s s 
n o r t h e a s t e r n U t a h a n d n o r t h w e s t e r n C o l o r a d o , I t h a s m o r e 
t h a n 3 * 5 0 0 m o f P a l e o c e n e , E o c e n e , a n d O l i g o c e n e l a c u s t r i n e , 
f l u v i a l , a n d p y r o c l a s t i c b e d s , a n d h a s b e e n t e r m e d a 
z e u g o g e o s y n c l i n e ( J o n e s , 1 9 5 7 ) . T h e U i n t a B a s i n i s b o u n d e d 
o n t h e n o r t h b y t h e U i n t a M o u n t a i n s ? o n t h e w e s t b y t h e 
W a s a t c h P l a t e a u ; o n t h e s o u t h b y t h e S a n R a f a e l S w e l l , 
L a S a l M o u n t a i n s , a n d U n c o m p a h g r e U p l i f t ; a n d o n t h e e a s t 
b y t h e D o u g l a s C r e e k A r c h . 
P i c e a n c e C r e e k B a s i n 
T h e P i c e a n c e C r e e k B a s i n i n n o r t h w e s t e r n C o l o r a d o i s a 
s t r u c t u r a l b a s i n t h a t h a s b e e n e l e v a t e d t o a b r o a d p l a t e a u . 
T h e b a s i n a x i s t r e n d s e a s t a n d s o u t h e a s t a c r o s s n o r t h w e s t e r n 
C o l o r a d o , T h e b a s i n i s a s y m m e t r i c a n d t h e c e n t e r o f d e p o s i ­
t i o n i s n e a r R i o B l a n c o , C o l o r a d o ( F i g . 1 ) , M o r e t h a n 2 , 4 0 0 
in o f T e r t i a r y b e d s w e r e d e p o s i t e d d u r i n g t h e P a l e o c e n e a n d 
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i e    f    i ce ee  , i g t f  een 
i r ati   pl  . i   r  1  '" 
E o c e n e ( D o n n e l l , 1 9 6 l a ) . T h e P i c e a n c e C r e e k B a s i n i s 
b o r d e r e d o n t h e e a s t a n d n o r t h e a s t b y t h e W h i t e R i v e r 
U p l i f t a n d A x i a l B a s i n A n t i c l i n e j o n t h e s o u t h e a s t b y t h e 
E l k a n d W e s t E l k M o u n t a i n s ; o n t h e s o u t h w e s t b y t h e 
U n c o m p a h g r e U p l i f t ; a n d o n t h e w e s t b y t h e D o u g l a s C r e e k 
A r c h . 
S t r a t i g r a p h y 
T h e T e r t i a r y s t r a t i g r a p h y o f t h e U i n t a a n d P i c e a n c e 
B a s i n s i s c o m p l e x . N u m e r o u s l i t h o s t r a t i g r a p h i c u n i t s h a v e 
b e e n d e f i n e d a n d c o r r e l a t e d w i t h i n e a c h b a s i n a n d a l s o f r o m 
o n e b a s i n t o a n o t h e r . I t i s n o t t h e p u r p o s e o f t h i s s t u d y 
t o r e v i e w e x h a u s t i v e l y t h e s t r a t i g r a p h y o f t h e U i n t a a n d 
P i c e a n c e C r e e k B a s i n s , A f o r m a l d i s c u s s i o n i s g i v e n o n l y 
f o r t h o s e u n i t s s a m p l e d . T h e s t r a t i g r a p h i c n o m e n c l a t u r e 
u s e d i s g i v e n i n F i g u r e 2 , a n d f a c i e s r e l a t i o n s h i p s a r e 
s h o w n d i a g r a m a t i c a l l y i n F i g u r e 3 . 
C r e t a c e o u s r o c k s 
C r e t a c e o u s s e d i m e n t a r y r o c k s c r o p o u t a l o n g t h e m a r g i n s 
o f t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s , T h e t h i c k e s t 
C r e t a c e o u s u n i t s a r e t h e M a n c o s S h a l e a n d t h e M e s a v e r d e 
F o r m a t i o n ( G r o u p ) . T h e M a n c o s S h a l e i s g e n e r a l l y g r e a t e r 
t h a n 1 , 5 ° ° *fl t h i c k , i s c o m p o s e d m o s t l y o f s i l t s t o n e a n d c l a y 
s t o n e , a n d i t i n t e r t o n g u e s f r o m e a s t t o w e s t w i t h t h e o v e r ­
l y i n g M e s a v e r d e F o r m a t i o n ( D o n n e l l , 1 9 6 l a ; C a s h i o n , 1 9 6 ? ) , 
T h e M e s a v e r d e F o r m a t i o n i s g e n e r a l l y g r e a t e r t h a n 1 , 5 0 0 
t h i c k i n t h e P i c e a n c e C r e e k B a s i n . I t i s 7 6 0 m t h i c k o n 
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 . tigraphi c ncl  l  t.   , Do l
,  6  d  d ll (1 4).
DIAGRAMMATIC CROSS SECTION Of THE SOUTHERN UINTA AND PICEANCE CREEK BASINS 
UINTA BASIN DOUGLAS CREEK 
, ARCH 
UTAH j COLORADO 
Abbot (1957) Picard (1955,1957, 1959) Donnel (1961, 1965,1969) Cashion(l9C7) Cashion and Donnel (1974) 
PICEANCE CREEK 
BASIN 
p UINTA FORMATION 
'// MEMBER "/// 
'flyTr^^T^* ULCH MEMBER 
F i g u r e 3 . L i t h o f a c i e s r e l a t i o n s h i p s o f T e r t i a r y r o c k s i n t h e U i n t a a n d P i c e a n c e C r e e k 
B a s i n s , 
I I S  I  DF  I   I
UINTA BASIN 





Rl f[FI ( o; en 
.0.6100"(19)  
Pit •• ' 1195)  1~~7J ,959) 
0_"1 ', 191i~,1(69 ) 
, .. M ... UK1J 
c .. ~,.ft ."" 0.-..11 {Il174, 
PICEANCE CREEK 
BASIN 
re J  it ofacies l t s i s f ertiary r cks i  t he inta and iceance  
Basins. 
9 
t h e D o u g l a s C r e e k A r c h ( G a l e , 1 9 1 0 ; D o n n e l l , 1 9 6 l a ) , a n d 
3 0 0 m t h i c k i n t h e s o u t h e a s t U i n t a B a s i n ( K i n n e y , 1 9 5 5 s 
C a s h i o n , 1 9 6 7 ) . T h e M e s a v e r d e F o r m a t i o n c o n s i s t s m o s t l y 
o f s a n d s t o n e a n d s i l t s t o n e . O n l y t h e u p p e r m o s t M e s a v e r d e 
w a s s a m p l e d . T h e s a m p l e s a r e f r o m a 2 0 0 t o 2 5 0 rn t h i c k 
s e q u e n c e o f c r o s s - s t r a t i f i e d s a n d s t o n e a n d g r a y a n d r e d 
c l a y s t o n e a t D o u g l a s P a s s ( F i g , 3 9 ) . 
W a s a t c h F o r m a t i o n 
P i c e a n c e C r e e k B a s i n , T h e W a s a t c h F o r m a t i o n ( K a y d e n , 
I 8 6 9 , p . 1 9 1 ) c o n s i s t s o f t h r e e m e m b e r s , f r o m t h e " b a s e 
u p w a r d : t h e A t w e l l G u l c h M e m b e r j t h e M o l i n a M e m b e r ? a n d 
t h e S h i r e M e m b e r ( D o n n e l l , 1 9 ^ 9 ) . 
T h e A t w e l l G u l c h M e m b e r i s t h e m o s t v a r i a b l e m e m b e r 
o f t h e W a s a t c h . a n d c o n s i s t s o f c a r b o n a c e o u s c l a y s t o n e , l i g ­
n i t e , v a r i e g a t e d c l a y s t o n e a n d s i l t s t o n e , s a n d s t o n e , p e b b l e 
s a n d s t o n e , a n d l a c u s t r i n e l i m e s t o n e . I t r a n g e s i n t h i c k n e s s 
f r o m 2 1 0 t o 5 6 0 m, a n d c o n t a i n s p l a n t a n d m a m m a l i a n f o s s i l s 
o f l a t e P a l e o c e n e t o e a r l y E o c e n e ( ? ) a g e ( D o n n e l l , 1 9 6 l b , 
1 9 6 9 ) . 
T h e M o l i n a M e m b e r o v e r l i e s t h e A t v / e l l G u l c h M e m b e r a n d 
i s g e n e r a l l y l e s s t h a n 1 5 0 m t h i c k . I t c o n s i s t s o f r e d , 
g r e e n a n d g r a y a r k o s i c s a n d s t o n e a n d v a r i e g a t e d c l a y s t o n e , 
T h e S h i r e M e m b e r i s g r a d a t i o n a l w i t h t h e o v e r l y i n g 
G r e e n R i v e r F o r m a t i o n a n d c o n s i s t s o f v a r i e g a t e d c l a y s t o n e 
a n d s o m e p o o r l y b e d d e d l e n t i c u l a r s a n d s t o n e . I t r a n g e s i n 
t h i c k n e s s f r o m 1 8 0 t o 1 , 2 0 0 m, a n d i s t h i c k e s t i n t h e e a s t ­
e r n a n d s o u t h e r n P i c e a n c e C r e e k B a s i n ( D o n n e l l , 1 9 6 9 ) . 
the Douglas Creck Arch (Gale, 1910; Donnell , 1961a), and 
300 m thick in the southeast Uinta Basin (Kinney , 1955 , 
Cashion, 19 67). The esaverde Formation consists mostly 
of sandstone and silt!;tone. Only the uppermost esaverde 
was sampled. The samples are from a 200 to 250 m thick 
sequence of cross-stratified sandstone and gray and red 
claystone at Douglas Pass (Fig. 39). 
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T h e t o t a l W a s a t c h F o r m a t i o n i n t h e P i c e a n c e C r e e k 
B a s i n v a r i e s c o n s i d e r a b l y i n t h i c k n e s s a n d t h i n s f r o m e a s t 
t o w e s t . T h e W a s a t c h i s a b o u t 1 , 6 5 0 m t h i c k i n t h e b a s i n 
c e n t e r , b u t t h i n s t o l e s s t h a n 1 2 0 m o n t h e D o u g l a s C r e e k 
A r c h ( D o n n e l l , 1 9 6 l a ) t A t h i n s e q u e n c e o f W a s a t c h F o r m a t i o n 
w a s s a m p l e d a t D o u g l a s P a s s ( F i g . 1 ) , A t D o u g l a s P a s s , t h e 
f o r m a t i o n i s u n d i v i d e d ( F i g s , 2 , 3 ) » a n d c o n s i s t s o f v a r i e ­
g a t e d c l a y s t o n e a n d c h a n n e l s a n d s t o n e ( F i g , 3 9 ) . 
U i n t a B a s i n , T h e W a s a t c h F o r m a t i o n i s e q u i v a l e n t t o 
t h e C o l t o n , F l a g s t a f f , a n d u p p e r N o r t h H o r n F o r m a t i o n s i n 
t h e e a s t e r n U i n t a B a s i n ( F i g . 3 ) . T h e W a s a t c h t h i c k e n s f r o m 
t h e D o u g l a s C r e e k A r c h t o m o r e t h a n 1 , 2 5 0 m i n t h e w e s t -
c e n t r a l U i n t a B a s i n ( C a s h i o n , 1 9 6 ? ) . C a s h i o n ( 1 9 6 7 , p . 6 ) 
d i v i d e s t h e W a s a t c h i n t h e e a s t e r n U i n t a B a s i n i n t o t w o 
r o c k u n i t s ( F i g . 2 ) i ' t h e M a i n B o d y o f t h e W a s a t c h , 1 w h i c h 
i s c o m p o s e d o f f l u v i a l s a n d s t o n e a n d r e d a n d g r a y c l a y s t o n e 
a n d s i l t s t o n e , a n d m i n o r , t h i n c o n g l o m e r a t e u n i t s ; a n d , a t 
t h e t o p o f t h e f o r m a t i o n , t h e ' R e n e g a d e T o n g u e , * w h i c h i s 
c o m p o s e d o f m a s s i v e s a n d s t o n e a n d r e d a n d g r a y c l a y s t o n e . 
G r e e n R i v e r F o r m a t i o n i n 
t h e P i c e a n c e C r e e k B a s i n 
T h e G r e e n R i v e r F o r m a t i o n c r o p s o u t o v e r m o s t o f t h e 
P i c e a n c e C r e e k B a s i n , a n d e x t e n d s a c r o s s t h e D o u g l a s C r e e k 
A r c h i n t o t h e U i n t a B a s i n . T h e r e i s n o p r e s e n t - d a y c o n ­
n e c t i o n b e t w e e n t h e G r e e n R i v e r F o r m a t i o n i n t h e P i c e a n c e 
C r e e k B a s i n a n d e x p o s u r e s i n t h e S a n d W a s h B a s i n i n n o r t h ­
w e s t C o l o r a d o a n d s o u t h w e s t W y o m i n g ( F i g , 1 ) . T h e G r e e n 
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R i v e r F o r m a t i o n i n t h e P i c e a n c e C r e e k B a s i n i s c o n f o r m a b l e 
w i t h t h e u n d e r l y i n g W a s a t c h F o r m a t i o n a n d t h e o v e r l y i n g 
U i n t a F o r m a t i o n , a n d r e a c h e s a m a x i m u m t h i c k n e s s o f m o r e 
t h a n 9 0 0 m ( D o n n e l l , 1 9 6 l a , p . 8 4 ? ) , 
T h e G r e e n R i v e r F o r m a t i o n h a s r e c e i v e d a v a s t a m o u n t 
o f s t u d y s i n c e i t s n a m i n g b y H a y d e n ( I 8 6 9 , p . 1 9 0 ) . A 
n u m b e r o f g e o l o g i s t s h a v e c o n s i d e r e d t h e s t r a t i g r a p h y o f 
t h e f o r m a t i o n ( P e a l e , I 8 7 6 , 1 8 ? 8 ; W o o d r u f f , 1 9 1 3 J W o o d r u f f 
a n d D a y , 191*4-; W i n c h e s t e r , 1 9 1 7 , 1 9 2 3 ? B r a d l e y , 1 9 2 9 a , 
1 9 2 9 b , 1 9 3 1 , 1 9 ^ 8 , 196k; D o n n e l l , 1 9 5 3 , 1 9 5 7 , 1 9 6 l a t 1 9 6 5 ; 
J u h a n , 1 9 6 5 ; R i t z m a , 1 9 6 5 ; T r u d e l l a n d o t h e r s , 1 9 7 0 ; 
D o n n e l l a n d B l a i r , 1 9 7 0 ; D e s b o r o u g h a n d o t h e r s , 1 9 7 3 ; 
C a s h i o n a n d D o n n e l l , 1 9 7 * 0 . O t h e r w o r k e r s h a v e c o n s i d e r e d 
c o r r e l a t i o n a s p e c t s o f t h e f o r m a t i o n ( C u r r y , 1 9 6 * 1 ; T r u d e l l 
a n d o t h e r s , 1 9 7 0 ; P i t m a n a n d D o n n e l l , 1 9 7 3 ; D e s b o r o u g h 
a n d o t h e r s , 1 9 7 3 ; C a s h i o n a n d D o n n e l l , 1 9 7 * 0 . 
B r a d l e y ( 1 9 3 1 ) o r i g i n a l l y d i v i d e d t h e G r e e n R i v e r 
F o r m a t i o n i n t o t h r e e m e m b e r s ( F i g s . 2 , 3» *0 * t h e D o u g l a s 
C r e e k M e m b e r a t t h e b a s e ; t h e G a r d e n G u l c h M e m b e r ; a n d t h e 
P a r a c h u t e C r e e k M e m b e r a t t h e t o p . A f o u r t h m e m b e r , t h e 
A n v i l P o i n t s ( D o n n e l l , 1 9 5 3 ) , i s t h e f a c i e s e q u i v a l e n t o f 
D o u g l a s C r e e k , G a r d e n G u l c h a n d l o w e r P a r a c h u t e C r e e k 
M e m b e r s i n t h e s o u t h e r n a n d e a s t e r n P i c e a n c e C r e e k B a s i n 
( F i g . 3 ) . U n t i l r e c e n t l y , a f i f t h m e m b e r o f t h e G r e e n 
R i v e r F o r m a t i o n w a s r e c o g n i z e d , t h e E v a c u a t i o n C r e e k , T h i s 
m e m b e r h a s b e e n r e n a m e d t h e U i n t a F o r m a t i o n i n t h e P i c e a n c e 
C r e e k B a s i n a n d i n c l u d e d i n t h e P a r a c h u t e C r e e k M e m b e r i n 
t h e e a s t e r n U i n t a B a s i n ( C a s h i o n a n d D o n n e l l , 1 9 7 4 ) . 
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F i g u r e k. S t r a t i g r a p h i c c o l u m n , P i c e a n c e C r e e k B a s i n a n d 
e a s t e r n U i n t a B a s i n . A f t e r D o n n e l l ( 1 9 6 1 ) a n d P i t m a n a n d 
D o n n e l l ( 1 9 7 3 ) . 
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1 3 
D o u g l a s C r e e k M e m b e r , B r a d l e y ( 1 9 3 1 , p , 8 - 1 0 ) n a m e d 
t h e l o w e r m o s t r o c k s o f t h e G r e e n R i v e r F o r m a t i o n i n C o l o ­
r a d o , t h e D o u g l a s C r e e k M e m b e r , f r o m e x t e n s i v e o u t c r o p s o f 
s a n d s t o n e , c l a y s t o n e , s i l t s t o n e a n d c a r b o n a t e r o c k a t 
D o u g l a s P a s s , T h e m e m b e r i s 2 4 0 m t h i c k a t t h e t y p e l o c a l ­
i t y a n d t h i n s t o t h e e a s t a n d w e s t o f f t h e D o u g l a s C r e e k 
A r c h . T h e m e m b e r i s p r e s e n t o n l y i n t h e s o u t h e r n a n d 
e a s t e r n P i c e a n c e C r e e k B a s i n ( D o n n e l l , 1 9 6 l a , p . 8 4 8 - 8 4 9 ) . 
T h e D o u g l a s C r e e k M e m b e r a t D o u g l a s P a s s c o n s i s t s o f 
s a n d s t o n e , c o a r s e - g r a i n e d s i l t s t o n e , a l g a l s t r o m a t o l i t e , 
o o l i t e , p i s o l i t e , p y r i t i c c l a y s t o n e , a n d a n a l c i m e - r i c h 
s i l t s t o n e ( F i g s . 3 8 , 3 9 ) . T o w a r d s t h e b a s i n c e n t e r t h e 
s h a l l o w - w a t e r c a r b o n a t e u n i t s a r e l o s t . 
G a r d e n G u l c h M e m b e r . T h e G a r d e n G u l c h M e m b e r w a s 
n a m e d b y B r a d l e y ( 1 9 3 1 , p , 1 0 ) f o r e x p o s u r e s o f p a p e r y a n d 
f l a k e y c l a y s t o n e , m a r l s t o n e , l o w - g r a d e o i l s h a l e , s a n d s t o n e , 
o s t r a c o d a l a n d a l g a l l i m e s t o n e , a n d o i l - s h a l e b r e c c i a a t 
G a r d e n G u l c h , a t r i b u t a r y o f P a r a c h u t e C r e e k i n t h e s o u t h -
c e n t r a l P i c e a n c e C r e e k B a s i n , T h e G a r d e n G u l c h i s 2 2 0 m 
t h i c k a t i t s t y p e l o c a l i t y a n d t h i c k e n s t o m o r e t h a n 2 ? 0 m 
i n t h e s o u t h w e s t p a r t o f t h e b a s i n w h e r e t h e D o u g l a s C r e e k 
M e m b e r i s a b s e n t a n d t h e G a r d e n G u l c h r e s t s c o n f o r m a b l y o n 
t h e W a s a t c h F o r m a t i o n ( D o n n e l l , 1 9 o l a ) . 
T h e G a r d e n G u l c h M e m b e r w a s s t u d i e d a n d s a m p l e d a t 
D o u g l a s P a s s , w h e r e i t i s a b o u t 1 0 0 m t h i c k a n d c o n s i s t s o f 
a l g a l l i m e s t o n e a n d a n a l c i m e - r i c h s i l t s t o n e a n d c l a y s t o n e 
( F i g . 3 8 ) . 
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A n v i l P o i n t s M e m b e r , T h e A n v i l P o i n t s M e m b e r w a s 
n a m e d b y D o n n e l l ( 1 9 5 3 ) f o r e x p o s u r e s o f c l a y s t o n e , s i l t s t o n e , 
s a n d s t o n e , m a r l s t o n e , o o l i t e , a n d p i s o l i t e i n t h e s o u t h e r n 
a n d e a s t e r n P i c e a n c e C r e e k B a s i n . T h e m e m b e r i s 4 6 5 m t h i c k 
a t i t s t y p e l o c a l i t y n e a r A n v i l P o i n t s , C o l o r a d o , a n d r e a c h e s 
a m a x i m u m t h i c k n e s s o f 5 7 0 m n e a r R i o B l a n c o . T h e A n v i l 
P o i n t s r e p r e s e n t s a d e l t a i c - l a c u s t r i n e s e q u e n c e o f r o c k s 
s h e d o f f t h e W h i t e R i v e r U p l i f t ( R i t z m a , 1 9 6 5 ) a n d i s e q u i v ­
a l e n t t o t h e D o u g l a s C r e e k , G a r d e n G u l c h , a n d l o w e r P a r a ­
c h u t e C r e e k M e m b e r s , T h e A n v i l P o i n t s M e m b e r a n d t h e W a s a t c h 
F o r m a t i o n a r e c o n f o r m a b l e ( D o n n e l l , 1 9 6 l a ) , 
P a r a c h u t e C r e e k M e m b e r . T h e P a r a c h u t e C r e e k M e m b e r i s 
t h e m o s t e c o n o m i c a l l y i m p o r t a n t m e m b e r o f t h e G r e e n R i v e r 
F o r m a t i o n . O i l s h a l e i s t h e m o s t c o m m o n l i t h o l o g y i n t h e 
m e m b e r . 
B r a d l e y ( 1 9 3 1 * p . 1 1 - 1 4 ) n a m e d t h e P a r a c h u t e C r e e k Mem­
b e r f o r e x t e n s i v e , t h i c k , o i l - s h a l e o u t c r o p s a l o n g P a r a ­
c h u t e C r e e k i n t h e s o u t h - c e n t r a l P i c e a n c e C r e e k B a s i n , T h e 
M e m b e r i s 3 0 0 m t h i c k a t t h e t y p e l o c a l i t y , a n d r e a c h e s a 
m a x i m u m e x p o s e d t h i c k n e s s o f 3 7 5 ® n e a r G r a n d V a l l e y , C o l o ­
r a d o . I t h a s a m a x i m u m s u b s u r f a c e t h i c k n e s s o f n e a r l y 6 1 0 m 
i n t h e b a s i n c e n t e r ( s e e D o n n e l l , 1 9 6 l a ) . I n t h e e x t r e m e 
n o r t h w e s t e r n P i c e a n c e C r e e k B a s i n , t h e m e m b e r i s d i f f i c u l t 
t o d i s t i n g u i s h f r o m t h e u n d e r l y i n g G a r d e n G u l c h M e m b e r , 
T h e P a r a c h u t e C r e e k M e m b e r i s s u b d i v i d e d i n t o a n u m b e r 
o f c o r r e l a t a b l e r o c k u n i t s ( B r a d l e y , 1 9 3 1 ; D u n c a n a n d 
D e n s o n , 1 9 4 9 ; D o n n e l l , 1 9 6 1 a ; D o n n e l l a n d B l a i r , 1 9 7 0 ) . 
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D o n n e l l ( 1 9 6 l a ) d i v i d e s t h e m e m b e r i n t o a l o w e r a n d m i d ­
d l e o i l - s h a l e z o n e , a n u p p e r o i l - s h a l e z o n e , a n d a b a r r e n 
z o n e ( F i g . 4 ) , 
T h e u p p e r o i l - s h a l e z o n e c o n t a i n s t h e M a h o g a n y l e d g e 
( M a h o g a n y z o n e i n t h e s u b s u r f a c e ) . T h e M a h o g a n y l e d g e i s 
t h i c k e s t a n d r i c h e s t i n t h e b a s i n c e n t e r w h e r e i t i s o v e r 
1 8 m t h i c k a n d a v e r a g e s 4 0 g a l l o n s o f o i l p e r t o n ( D o n n e l l , 
1 9 6 l a ) . I n o u t c r o p , i t c a n e x c e e d 2 0 m i n t h i c k n e s s a n d 
a v e r a g e 3 0 g a l l o n s p e r t o n . W i t h i n t h e M a h o g a n y l e d g e , t h e r e 
i s o n e v e r y r i c h o i l - s h a l e b e d ( 1 t o 4 m t h i c k ) , t h e M a h o g a n y 
b e d , t h a t c a n e x c e e d 8 0 g a l l o n s p e r t o n . T h e M a h o g a n y b e d 
i s u s e d e x t e n s i v e l y f o r c o r r e l a t i o n i n t h e U i n t a a n d P i c e a n c e 
C r e e k B a s i n s ( F i g . 5 ) . 
T h e u p p e r o i l - s h a l e z o n e h a s n u m e r o u s t u f f b e d s t h a t 
p r o v i d e c o n v e n i e n t t i m e - s t r a t i g r a p h i c h o r i z o n s ( C a s h i o n , 
1 9 6 7 J T r u d e l l a n d o t h e r s , 1 9 7 0 ; B r o b s t a n d T u c k e r , 1 9 7 3 J 
C a s h i o n a n d D o n n e l l , 1 9 7 4 ) , T h e M a h o g a n y m a r k e r i s t h e m o s t 
u s e f u l o f t h e t u f f b e d s ( F i g , 4 ) , a n d c r o p s o u t w i t h i n t h e 
M a h o g a n y l e d g e , 1 t o $ m a b o v e t h e M a h o g a n y b e d . I t r a n g e s 
i n t h i c k n e s s f r o m 7 t o 1 5 cm ( D o n n e l l , 1 9 6 l a , p , 8 5 6 ) , a n d 
i s v e r y u n i f o r m i n t h i c k n e s s a n d c o m p o s i t i o n i n t h e U i n t a 
a n d P i c e a n c e G r e e k B a s i n s , T h e M a h o g a n y m a r k e r w a s f o u n d 
i n a l l t h e m e a s u r e d s e c t i o n s o f t h e P a r a c h u t e C r e e k M e m b e r , 
a n d i s u s e d a s a d a t u m f o r d e s c r i b i n g t h e s t r a t i g r a p h i c 
p o s i t i o n o f s o m e s a m p l e s ( s e e A p p e n d i x 2 ) . 
M e a s u r e d s e c t i o n s o f t h e P a r a c h u t e C r e e k M e m b e r w e r e 
c o m p l e t e d a t D o u g l a s P a s s , M o u n t L o g a n a n d R i o B l a n c o ( F i g s . 
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F i g u r e 5 . C o r r e l a t i o n o f s a m p l e d u n i t s i n t h e U i n t a a n d 
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3 7 i 4 0 , 4 l ) , T h e P a r a c h u t e C r e e k M e m b e r a t D o u g l a s P a s s 
i s 7 0 m t h i c k , a n d t h e M a h o g a n y l e d g e r e s t s d i r e c t l y o n 
t h e G a r d e n G u l c h M e m b e r , T h e P a r a c h u t e C r e e k M e m b e r i n t h e 
M o u n t L o g a n s e c t i o n i s a b o u t 1 6 0 m t h i c k . T h e R i o B l a n c o 
s e c t i o n o f t h e m e m b e r i s 2 6 0 m t h i c k . F i g u r e 5 s h o w s t h e 
c o r r e l a t i o n o f t h e m e a s u r e d s e c t i o n s i n t h e P i c e a n c e C r e e k 
B a s i n a n d t h e W0SC0 d r i l l c o r e i n t h e U i n t a B a s i n . 
G r e e n R i v e r F o r m a t i o n 
i n t h e U i n t a B a s i n 
D e p o s i t i o n o f t h e G r e e n R i v e r F o r m a t i o n b e g a n i n t h e 
U i n t a B a s i n b e f o r e i t d i d i n t h e P i c e a n c e C r e e k B a s i n , a n d 
e x c e e d e d 1 3 m i l l i o n y e a r s i n d u r a t i o n ( P i c a r d , 1 9 6 3 , p . 8 9 ) . 
T h e r e i s s o m e d i f f e r e n c e i n l i t h o l o g y i n t h e f o r m a t i o n f r o m 
o n e b a s i n t o t h e o t h e r . T h e s t r a t i g r a p h y o f t h e G r e e n 
R i v e r F o r m a t i o n i n t h e U i n t a B a s i n i s s u m m a r i z e d b y D a n e 
( 1 9 5 4 , 1 9 5 5 ) , P i c a r d ( 1 9 5 5 , 1 9 5 7 a , 1 9 5 7 b , 1 9 5 9 , 1 9 6 ? ) , 
C a s h i o n ( 1 9 5 7 , 1 9 6 ? ) , P i c a r d a n d o t h e r s ( 1 9 7 3 ) a n d C a s h i o n 
a n d D o n n e l l ( 1 9 7 4 ) , 
W e s t e r n U i n t a B a s i n . T h e G r e e n R i v e r F o r m a t i o n r e a c h e s 
m a x i m u m t h i c k n e s s i n t h e w e s t e r n a n d w e s t - c e n t r a l U i n t a 
B a s i n , B r a d l e y ( 1 9 3 1 ) d i v i d e d t h e G r e e n R i v e r F o r m a t i o n 
h e r e i n t o s e v e r a l l a c u s t r i n e f a c i e s , a d e l t a f a c i e s , a n 
o i l - s h a l e f a c i e s , a n d a b a r r e n , s a l i n e f a c i e s . T h e s e d i v i ­
s i o n s h a v e , f o r t h e m o s t p a r t , b e e n a b a n d o n e d a n d t h e f o r m a ­
t i o n n o w c o n s i s t s ( F i g . 2 ) o f t h e B l a c k S h a l e F a c i e s a t t h e 
b a s e , t h e G r e e n S h a l e F a c i e s , a n d t h e P a r a c h u t e C r e e k Mem­
b e r a t t h e t o p ( P i c a r d , 1 9 5 5 , 1 9 5 7 a , 1 9 5 7 b ? A b b o t t , 1 9 5 7 ) . 
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I t i s c o n f o r m a b l e w i t h t h e o v e r l y i n g U i n t a F o r m a t i o n a n d 
t h e u n d e r l y i n g C o l t o n a n d W a s a t c h F o r m a t i o n s ( F i g . 3 ) . 
E a s t e r n U i n t a B a s i n , T h e G r e e n R i v e r F o r m a t i o n i n t h e 
e a s t e r n U i n t a B a s i n i s e s s e n t i a l l y t h e s a m e a s i n t h e 
P i c e a n c e C r e e k B a s i n , a n d m a n y s t r a t i g r a p h i c u n i t s c o r r e l a t e 
f r o m o n e b a s i n t o t h e o t h e r ( F i g . 3 ) . 
T h e D o u g l a s C r e e k M e m b e r i n t e r t o n g u e s w i t h t h e W a s a t c h 
F o r m a t i o n a n d h a s a m a x i m u m t h i c k n e s s o f 6 1 0 m . I t c o n s i s t s 
m a i n l y o f s a n d s t o n e , s i l t s t o n e , a n d a l g a l a n d o o l i t i c 
l i m e s t o n e d e p o s i t e d i n n e a r - s h o r e l a c u s t r i n e a n d f l u v i a l 
e n v i r o n m e n t s ( C a s h i o n , 1 9 & 7 ) . 
T h e G a r d e n G u l c h M e m b e r i s c o m p o s e d o f m a r l s t o n e , o i l 
s h a l e , s i l t s t o n e , a n d a l g a l l i m e s t o n e , a n d r e a c h e s a m a x i m u m 
t h i c k n e s s o f ? 0 m ( C a s h i o n , 1 9 6 7 ) . I t g r a d e s l a t e r a l l y i n t o 
t h e P a r a c h u t e C r e e k M e m b e r t o w a r d t h e b a s i n a n d i n t o t h e 
D o u g l a s C r e e k M e m b e r t o w a r d t h e b a s i n m a r g i n s . 
T h e P a r a c h u t e C r e e k M e m b e r i s c o m p o s e d o f m a r l s t o n e , o i l 
s h a l e , s i l t s t o n e , s a n d s t o n e , a n d t u f f . M a n y o f t h e c h a r a c t e r ­
i s t i c u n i t s p r e s e n t i n t h e P i c e a n c e C r e e k B a s i n c a n a l s o 
b e r e c o g n i z e d i n t h e U i n t a B a s i n ( D o n n e l l , 1 9 6 l a , C a s h i o n , 
1 9 6 7 J C u r r y , 1 9 6 ' . ' ; D e s b o r o u g h a n d o t h e r s , 1 9 7 3 ? C a s h i o n a n d 
D o n n e l l , 1 9 7 * 0 . I n g e n e r a l , t h e P a r a c h u t e C r e e k M e m b e r i s 
m o r e s a n d y i n t h e U i n t a B a s i n t h a n i n t h e P i c e a n c e C r e e k 
B a s i n , I t r e a c h e s a m a x i m u m t h i c k n e s s o f 2 1 0 m n e a r t h e 
W h i t e R i v e r , 
M o s t o f t h e s a m p l e s o f t h e G r e e n R i v e r F o r m a t i o n f r o m 
t h e U i n t a B a s i n a r e f r o m t h e WOSCO d r i l l c o r e ( F i g , 1 ) , 
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T h i s w e l l p e n e t r a t e d m o r e t h a n 3 6 0 m o f t h e P a r a c h u t e C r e e k 
M e m b e r i n t h e c e n t r a l U i n t a B a s i n ( F i g . 4 4 ) . 
U i n t a F o r m a t i o n 
R e e v a l u a t i o n o f t h e s t r a t i g r a p h y o f t h e u p p e r p a r t o f 
t h e G r e e n R i v e r F o r m a t i o n i n t h e P i c e a n c e C r e e k B a s i n 
( C a s h i o n a n d D o n n e l l , 1 9 7 4 ) h a s l e a d t o t h e a b a n d o n m e n t 
o f t h e E v a c u a t i o n C r e e k M e m b e r a n d r e n a m i n g t h i s i n t e r v a l 
t h e U i n t a F o r m a t i o n . T h e c h a n g e i n n o m e n c l a t u r e w a s n e c e s ­
s a r y b e c a u s e t h e u p p e r P a r a c h u t e C r e e k M e m b e r i n t h e 
P i c e a n c e C r e e k B a s i n i s l i t h o l o g i c a l l y s i m i l a r t o t h e 
E v a c u a t i o n C r e e k M e m b e r ( B r a d l e y , 1 9 3 1 ) i n t h e e a s t e r n 
U i n t a B a s i n . T h e o i l - s h a l e b e d s a n d t u f f s o f t h e t y p e 
E v a c u a t i o n C r e e k M e m b e r i n t h e e a s t e r n U i n t a B a s i n a r e n o w 
i n c l u d e d i n t h e P a r a c h u t e C r e e k M e m b e r . 
I n t h e P i c e a n c e C r e e k B a s i n , t h e U i n t a F o r m a t i o n , a s 
n o w d e f i n e d , c o n s i s t s o f m a r l s t o n e , c l a y s t o n e , c r o s s -
s t r a t i f i e d s a n d s t o n e a n d s i l t s t o n e , p y r i t i c c l a y s t o n e * a n d 
s a n d s t o n e , a n d m i n o r p o o r l y s t r a t i f i e d o i l s h a l e ( D o n n e l l , 
1 9 6 l a ; J u h a n , 1 9 6 5 ; C a s h i o n a n d D o n n e l l , 1 9 7 4 ) . B e c a u s e t h e 
U i n t a F o r m a t i o n c a p s m o s t o f t h e P i c e a n c e C r e e k P l a t e a u , t h e 
t r u e t h i c k n e s s o f t h e f o r m a t i o n i s n o t k n o w n . D o n n e l l ( 1 9 c l a 
r e p o r t s a m a x i m u m e x p o s u r e o f t h e U i n t a F o r m a t i o n o f 3 7 0 m 
i n t h e c e n t e r o f t h e P i c e a n c e C r e e k B a s i n . 
T h e c o n t a c t b e t w e e n t h e U i n t a a n d G r e e n R i v e r F o r m a ­
t i o n s i s g r a d a t i o n a l a n d i r r e g u l a r . J u h a n ( 1 9 6 5 ) u s e d a 
c r y s t a l - c a v i t y z o n e i n t h e u p p e r P a r a c h u t e C r e e k M e m b e r a s 
a d a t u m a n d f o u n d ' U i n t a - i i k e ' f l u v i a l s a n d s t o n e b o d i e s 
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a b o v e a n d b e l o w t h e d a t u m . T h e l i t h o l o g y o f t h e U i n t a 
F o r m a t i o n h a s l i t t l e l a t e r a l c o n t i n u i t y ( D o n n e l l , 1 9 6 l a , 
p . 8 5 8 ) . 
A m e a s u r e d s e c t i o n o f U i n t a F o r m a t i o n n e a r R i o B l a n c o , 
C o l o r a d o ( F i g . 1 ) c o n s i s t s o f 1 6 5 m o f c r o s s - s t r a t i f i e d a n d 
s t r u c t u r e l e s s s a n d s t o n e a n d s i l t s t o n e , m a r l s t o n e , a n d 
a n a l c i m e - r i c h c l a y s t o n e ( F i g . 4 2 ) . 
P o s t - E o c e n e d e - p o s i t i o n i n 
t h e P i c e a n c e C r e e k B a s i n 
T h e l a t e E o c e n e , O l i g o c e n e a n d M i o c e n e w e r e t i m e s o f 
e r o s i o n i n t h e R o c k y M o u n t a i n a r e a ( Y o u n g a n d Y o u n g , 1 9 6 8 ; 
E p i s a n d C h a p i n , 1 9 7 3 ? C h a p i n , 1 9 7 4 ) . T h e e r o s i o n c u t 
d e e p l y i n t o t h e U i n t a , G r e e n R i v e r , a n d W a s a t c h F o r m a t i o n s 
a n d l o c a l l y u p t o 2 7 0 m o f M i o c e n e ( ? ) g r a v e l s , s a n d a n d 
c l a y w e r e d e p o s i t e d a s v a l l e y f i l l i n t h e s o u t h e r n P i c e a n c e 
C r e e k B a s i n ( Y o u n g a n d Y o u n g , 1 9 6 8 , p . 2 5 ) . 
I n t h e l a t e M i o c e n e a n d P l i o c e n e , l o c a l b a s a l t i c v o l -
c a n i s m o c c u r r e d i n t h e s o u t h e r n P i c e a n c e C r e e k B a s i n . T h e 
b a s a l t f l o w s , d a t e d a t a b o u t 1 0 m i l l i o n y e a r s a g o ( L a r s e n 
a n d o t h e r s , 1 9 7 3 ) * f l o w e d d o w n t h e M i o c e n e v a l l e y s c o v e r i n g 
t h e a l l u v i a l d e p o s i t s , B a s a l t l a y e r s a r e t h i n a n d , i n t o t a l , 
d o n o t e x c e e d 1 7 0 m i n t h i c k n e s s ( Y o u n g a n d Y o u n g , I 9 6 8 ) , 
Q u a t e r n a r y e r o s i o n r e d u c e d t h e b a s a l t s h e e t t o e r o s i o n a l 
r e m n a n t s t h a t c a p G r a n d M e s a , B a t t l e m e n t M e s a a n d a s m a l l 
a r e a n e a r M o u n t L o g a n ( D o n n e l l , 1 9 6 l a , p , 8 5 8 ) . 
T h e m o s t r e c e n t d e p o s i t s i n t h e P i c e a n c e C r e e k B a s i n 
a r e o n G r a n d a n d B a t t l e m e n t M e s a s a n d a r e P l e i s t o c e n e a n d 
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G e n e r a l S t a t e m e n t 
T h e s t r a t i f i c a t i o n o f a s e d i m e n t a r y r o c k i s i t s m o s t 
b a s i c ' f e a t u r e , a n d i s t h e m o s t d i a g n o s t i c p h y s i c a l f e a t u r e 
u s e d f o r i n t e r p r e t i n g t h e d e p o s i t i o n a l p r o c e s s e s r e s p o n s i b l e 
f o r t h e r o c k . U n f o r t u n a t e l y , m u c h m o d e r n r e s e a r c h o n t h e 
r o c k s o f t h e G r e e n R i v e r F o r m a t i o n a n d o t h e r f i n e - g r a i n e d 
r o c k u n i t s h a s b e e n d i r e c t e d a t u n u s u a l a n d r a r e f e a t u r e s 
a n d a w a y f r o m b a s i c p r o p e r t i e s , s u c h a s s t r a t i f i c a t i o n . 
C o n s i d e r a b l e c o n f u s i o n h a s a r i s e n r e c e n t l y o v e r t h e o r i g i n 
o f G r e e n R i v e r o i l s h a l e , p a r t l y b e c a u s e o f d i f f i c u l t i e s 
e n c o u n t e r e d i n d e s c r i b i n g c o m p l e t e l y t h e o i l s h a l e . - W o r k e r s 
i n C o l o r a d o , U t a h a n d W y o m i n g h a v e n e t u s e d c o n s i s t e n t 
t e r m i n o l o g y t o d e s c r i b e e i t h e r s t r a t i f i c a t i o n t y p e s o r s e c ­
o n d a r y s t r u c t u r e s i n o i l s h a l e a n d o t h e r f i n e - g r a i n e d r e c k s . 
T h e d e s c r i p t i v e t e r m i n o l o g y u s e d b y m o s t w o r k e r s t o 
d e s c r i b e s t r a t i f i c a t i o n i n t h e G r e e n R i v e r F o r m a t i o n l a r g e ­
l y r e p r e s e n t s a h y b r i d a p p r o a c h t h a t d o e s n o t p e r m i t r a p i d 
u n d e r s t a n d i n g b y r e s e a r c h e r s u n f a m i l i a r w i t h t h e f o r m a t i o n . 
T h e e a r l y w o r k o f B r a d l e y ( 1 9 2 9 a , 1 9 2 9 b , 1 9 3 1 ) h a s r e m a i n e d 
f o r 5 0 y e a r s t h e f o u n d a t i o n o f l i t h o l o g i c a n d s t r a t i g r a p h i c 
d e s c r i p t i o n . T h e r e h a s b e e n s o m e r e f i n e m e n t b y t h e U . S . 
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B u r e a u o f M i n e s ( S m i t h a n d o t h e r s , 1 9 6 8 ; T r u d e l l a n d 
o t h e r s , 1 9 7 0 ) . 
T h e p u r p o s e o f t h i s c h a p t e r i s t o p r e s e n t a d e s c r i p ­
t i v e c l a s s i f i c a t i o n o f p r i m a r y a n d s e c o n d a r y s t r u c t u r e s 
i n o i l s h a l e a n d o t h e r f i n e - g r a i n e d r o c k o f t h e G r e e n 
R i v e r F o r m a t i o n i n C o l o r a d o a n d U t a h . T h e c l a s s i f i c a t i o n 
i s d e s i g n e d f o r d r i l l c o r e s a n d p o l i s h e d s l a b s m a d e f r o m 
o u t c r o p s a m p l e s . I t i s h o p e d t h a t t h i s c l a s s i f i c a t i o n 
w i l l a l l o w a l l i n v e s t i g a t o r s t o c h a r a c t e r i z e t h e s t r a t i f i c a ­
t i o n o f t h e G r e e n R i v e r F o r m a t i o n c o n s i s t e n t l y . 
M e t h o d s o f S t u d y 
T h e s a m p l e s u s e d i n d e v e l o p i n g t h e c l a s s i f i c a t i o n w e r e 
c o l l e c t e d f r o m t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s ( s e e 
A p p e n d i x 1 ) . T h o s e f r o m t h e P i c e a n c e C r e e k B a s i n a r e f r o m 
m e a s u r e d s e c t i o n s a t D o u g l a s P a s s , M o u n t L o g a n a n d R i o 
B l a n c o ( F i g . 1 ) . T h e D o u g l a s P a s s s e c t i o n i n c l u d e s t h e 
D o u g l a s C r e e k , G a r d e n G u l c h a n d P a r a c h u t e C r e e k M e m b e r s , 
O n l y t h e P a r a c h u t e C r e e k M e m b e r w a s s a m p l e d a t t h e M o u n t 
L o g a n a n d R i o B l a n c o s e c t i o n s . S a m p l e l i t h o l o g i e s f r o m 
e a c h m e a s u r e d s e c t i o n a r e s u m m a r i z e d i n T a b l e 1 , 
T h e s a m p l e s f r o m t h e m e a s u r e d s e c t i o n s c o n s i s t o f 
s m a l l b l o c k s a n d r o c k c h i p s . S l a b s o f t h e s a m p l e s w e r e 
c u t o n a d i a m o n d s a w , a n d w e r e s t u d i e d w i t h a l o w - p o w e r 
b i n o c u l a r m i c r o s c o p e . T h i n - s e c t i o n s o f s o m e r o c k s w e r e 
a l s o e x a m i n e d . I n t o t a l , 2 7 1 s l a b s a m p l e s w e r e e x a m i n e d . 
A p p e n d i x 2 p r o v i d e s a c o m p l e t e d e s c r i p t i o n o f s a m p l e t r e a t ­
m e n t a n d u s e s , 
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T a b l e 1 , L i t h o i o g y o f s a m p l e s c o l l e c t e d a t m e a s u r e d s e c t i o n s 
o f t h e G r e e n R i v e r F o r m a t i o n , F i c e a n c e C r e e k B a s i n 
R o c k M o u n t R i o D o u g l a s 
t y p e L o g a n B l a n c o P a s s T o t a l 
O i l s h a l e 
R i c h 2 2 2 6 2 5 0 
M o d e r a t e 2 5 3 3 4 6 2 
L e a n - l o w 5 1 1 1 3 2 9 
5 2 7 0 1 9 1 4 1 
M a r l s t o n e 4 5 5 1 4 
C a r b o n a t e r o c k 
A l g a l 8 1 3 3 4 2 
O s t r a c o d s 3 0 1 4 
O o l i t e - p i s o l i t e 2 0 8 1 0 
M i c r i t e 0 0 4 4 
I n t r a c l a s t s 0 0 5 5 
1 3 1 5 1 6 5 
T e r r i g e n o u s r o c k 
S a n d s t o n e 3 3 1 6 2 2 
S i l t s t o n e 4 3 1 8 2 5 
C l a y s t o n e 0 1 3 ' 4 
7 7 3 7 5 1 
l  l. i olo   pl  ll    sections
    , Pi   Ba in
  i  ouglas t l   l  Pass
il sh le
i     
t     
lo     
   141
rlst     
t  r  
   
c s   1 
li     
icrit     
cl sts   5 5 
   
rigenous r  
e 3 3  
iltstone  3   
l st e   3  
   
2 5 
T h e s a m p l e s o f t h e G r e e n R i v e r F o r m a t i o n i n t h e U i n t a 
B a s i n a r e f r o m t h e V/OSCO d r i l l c o r e . T h e e n t i r e c o r e w a s 
n o t s t u d i e d . I n s t e a d , c e r t a i n i n t e r v a l s w e r e c h o s e n f o r 
d e t a i l e d e x a m i n a t i o n . 
G e n e r a l S t r a t i f i c a t i o n C h a r a c t e r i s t i c s 
M o s t d i s c u s s i o n s o f s t r a t i f i c a t i o n i n o i l s h a l e a n d 
m a r l s t o n e o f t h e G r e e n R i v e r F o r m a t i o n h a v e c e n t e r e d a r o u n d 
t h e v a r v e d n a t u r e o f t h e s e r o c k s . B r a d l e y ( 1 9 2 9 b ) d e f i n e d 
t h e v a r v e s a s s e a s o n a l l y d e p o s i t e d l a m i n a e c o u p l e t s o f a 
l i g h t - c o l o r e d , m i n e r a l - r i c h l a y e r a n d a t h i n n e r , d a r k , 
o r g a n i c - r i c h l a y e r . He a l s o r e c o g n i z e d ( p . 9 5 ) a d i f f e r e n t 
t y p e o f v a r v e i n s a n d y c a r b o n a t e t h a t r e s e m b l e s t h e o i l -
s h a l e v a r v e s b u t i s m u c h t h i c k e r , h a s g r a d e d l a m i n a t i o n , 
a n d c o n t a i n s m o r e t e r r i g e n o u s g r a i n s i n t h e o r g a n i c - r i c h 
l a y e r . 
T h e t e r m v a r v e h a s g e n e t i c c o n n o t a t i o n s . T h e l a m i n a ­
t i o n i n v a r v e s i s g e n e r a l l y e x p l a i n e d b y s e a s o n a l v a r i a t i o n 
i n d e p o s i t i o n ; e . g . , a p e a k i n c a r b o n a t e d e p o s i t i o n i n t h e 
s p r i n g a n d a p e a k i n o r g a n i c - m a t t e r d e p o s i t i o n i n t h e l a t e 
s u m m e r a n d f a l l . T h i s m a y n o t a l w a y s b e ^ r u e , h o w e v e r , f o r 
o t h e r a g e n t s , s u c h a s f l o o d s , a p e r i o d i c p l a n k t o n b l o o m s , 
v o l c a n i s m a n d s t o r m s c a n p r o d u c e s t r a t i f i c a t i o n s i m i l a r t o 
v a r v e s . I n t h e c o n t e x t o f t h i s p a p e r , t h e t e r m v a r v e w i l l 
c o n n o t e a p a i r o f w e l l - d e f i n e d l a m i n a e i n o i l s h a l e a n d 
m a r l s t o n e a n d w i l l n o t h a v e a n y r e s t r i c t i o n s u p o n t i m e . 
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G r e e n R i v e r F o r m a t i o n v a r v e s a r e f r o m 0 . 0 1 4 t o 0 . 3 7 
mm t h i c k . I n g e n e r a l , t h e m i n e r a l - r i c h l a m i n a i s s e v e r a l 
t i m e s t h i c k e r t h a n t h e s a p r o p e l - r i c h l a m i n a . A s o i l s h a l e 
i n c r e a s e s i n t o t a l o r g a n i c m a t t e r , t h e s a p r o p e l - r i c h l a m i n a 
t h i c k e n s a n d t h e m i n e r a l - r i c h l a m i n a i n c r e a s e s i n a d m i x e d 
o r g a n i c m a t t e r . G e n e r a l l y , d o l o m i t e a n d c a l c i t e a r e t h e 
d o m i n a n t m i n e r a l s i n t h e l i g h t e r - c o l o r e d l a m i n a a n d s i l i c a t e 
m i n e r a l s a r e t h e m o s t a b u n d a n t i n t h e d a r k , o r g a n i c - r i c h 
l a y e r s ( B r a d l e y , 1 9 2 9 b ; B r o b s t a n d T u c k e r , 1 9 7 3 ; S m i t h a n d 
R o b b , 1 9 7 3 ) . T h e n o n c a r b o n a t e m i n e r a l p a r t i c l e s a v e r a g e 
a b o u t 5-urn a n d a r e e u h e d r a l ( T i s o t a n d M u r p h y , i 9 6 0 ) . 
T h e p r e s e n c e o f v a r v e s i n t h e G r e e n R i v e r F o r m a t i o n 
h a s b e e n u s e d i n a t t e m p t s t o d e l i n e a t e t h e d e p o s i t l o n a l 
e n v i r o n m e n t o f o i l s h a l e a n d m a r l s t o n e . W o r k o n r e c e n t l a k e 
s e d i m e n t s ( D e e v e y , 1 9 3 9 ; T w e n h o f e l a n d o t h e r s , 1 9 4 2 ; J o u n a u x , 
1 9 5 2 ; E g g l e t o n , 1 9 5 6 ; B r u n s k i l l , 1 9 6 9 ? L u d l a m , 1 9 6 9 ? B u s s o n 
a n d o t h e r s , 1 9 7 2 ) t h a t h a v e l a m i n a e c o u p l e t s h a s d e m o n s t r a t ­
e d t h a t t h i s t y p e o f s t r a t i f i c a t i o n f o r m s o n l y i f t h e l a k e 
i s m e r o r n i c t i c . A m e r o m i c t i c l a k e i s a l a k e i n w h i c h s o m e 
w a t e r r e m a i n s p a r t l y o r w h o l l y u n m i x e d w i t h t h e m a i n w a t e r 
m a s s d u r i n g c i r c u l a t i o n p e r i o d s ( H u t c h i n s o n , 1 9 5 7 , p . 4 8 0 ) , 
A l t h o u g h r h y t h m i c l a m i n a t i o n i s s u g g e s t i v e o f l a c u s ­
t r i n e d e p o s i t i o n a n d h a s b e e n n o t e d i n o t h e r a n c i e n t l a k e 
d e p o s i t s ( B r a d l e y , 1 9 3 7 ; A n d e r s o n , I 9 6 0 , 1 9 6 4 ; A n d e r s o n a n d 
K i r k i a n d , i 9 6 0 , I 9 6 6 ; K l e i n , 1 9 6 2 ; V a n H o u t e n , 1 9 6 2 ; H i g h 
a n d P i c a r d , 1 9 6 5 ; M c L e r o y a n d A n d e r s o n , I 9 6 6 ; D i n e l e y a n d 
W i l l i a m s , 1 9 6 8 ) , i t i s n o t a n i n f a l l i b l e c r i t e r i o n f o r t h e 
  ti     ,   0 .37
 .  e r   ral- i    several 
e     i c  a i .  shal
  i  t ,   lamina
    i    ad ed
i  . r , i     the
 i l    t - ol  i   sil ic te
       , orga~ic -rich
~ , , ro   , ) , i  and
a i .  t  ticl  avera
t . m   t  , 1 0)
      r   For tion
    t   ~   depositional
t  l   r .    lak
 , :   ; J na~x , 
, l  , ski  , , , 
 ,    a  p l   demonstrat-
    f ti i ati on     lak
 rom i ct .  o icti       i  so
 i s tl y  oll  i    i  ter
 i   i s t i , , . . 
lt o  rr,ic i ti   i ve  lac -
ine si        i t l
it  , , , 1 , , er  
l , 1 , 1 , , ,  t , , ni  
 , , If.   , 1 1 i l e   
i li a , ,  i  t  ible iteri   th  
2 ? 
i d e n t i f i c a t i o n o f l a c u s t r i n e d e p o s i t s ( P i c a r d a n d H i g h , 
1 9 7 2 a ) . S e d i m e n t a r y r o c k s a n d s e d i m e n t s w i t h r h y t h m i c 
a l t e r n a t i o n o f l a m i n a e c o u p l e t s h a v e b e e n r e p o r t e d f r o m 
m a n y o t h e r d e p o s i t l o n a l e n v i r o n m e n t s , i n c l u d i n g f i o r d s 
( S t r ^ m , 1 9 3 9 ; G r o s s a n d o t h e r s , 1 9 6 3 ; G r o s s a n d G u c l u e r , 
1 9 6 4 ) , m o d e r n o c e a n s e d i m e n t ( E m e r y , i 9 6 0 ; H u l s e m a n a n d 
E m e r y , 1 9 6 1 ; S h e p a r d , 1 9 6 3 ; B y r n e a n d E m e r y , i 9 6 0 ; C a l v e r t , 
1 9 6 4 ) , t i d a l f l a t s ( R e i n e c k a n d S i n g h , 1 9 7 3 , p . 1 0 5 - 1 1 2 ) , 
e u x i n i c b a s i n s ( M u l l e r a n d B l a s c h k e , 1 9 6 9 ) , e v a p o r i t e 
s e q u e n c e s ( U d d e n , 1 9 2 4 ; W a r d l a w a n d S c h w e r d t n e r , 1 9 6 6 ; 
S h e a r m a n a n d F u l l e r , 1 9 6 9 ; D a v i e s a n d L u d l a m , 1 9 7 3 ) , p l a y a s 
B i s s e l l a n d C h i l i n g a r , 1 9 6 2 ; R e e v e s , 1 9 6 8 ) , f l u v i a l d e p o s i t s 
( P i c a r d a n d H i g h , 1 9 7 0 ; V i s h e r , 1 9 7 2 ) , a n d e o l i a n d e p o s i t s 
( S t o k e s , 1 9 6 4 ; B i g a r e l l a , 1 9 7 2 ) . 
C l a s s i f i c a t i o n o f S e d i m e n t a r y S t r u c t u r e s 
M u c h r e c e n t r e s e a r c h i n s e d i m e n t c l o g y i s c o n c e r n e d w i t h 
s e d i m e n t a r y s t r u c t u r e s . S e d i m e n t a r y s t r u c t u r e s p r o v i d e 
p o w e r f u l m e a n s f o r i n t e r p r e t a t i o n o f d e p o s i t l o n a l p r o c e s s e s 
a n d d e f i n i t i o n o f d e p o s i t l o n a l e n v i r o n m e n t s , S e d i m e n t a r y 
s t r u c t u r e s m a y b e p r i m a r y o r s e c o n d a r y i n o r i g i n , a n d t h e 
d i s t i n c t i o n b e t w e e n t h e t w o i s o f t e n d i f f i c u l t . 
P r i m a r y s t r u c t u r e s i n o i l s h a l e a n d o t h e r f i n e - g r a i n e d 
r o c k s o f t h e G r e e n R i v e r F o r m a t i o n , a s d e f i n e d h e r e , a r e 
t h o s e s t r u c t u r e s i m p r i n t e d u p o n t h e s e d i m e n t d u r i n g d e p o s i ­
t i o n o r d u r i n g e a r l y d i a g e n e s i s . S e c o n d a r y s t r u c t u r e s a r e 
t h o s e s t r u c t u r e s c r e a t e d a f t e r d e p o s i t i o n b y p o s t d e p o s i t i o n a l 
tifi ti   i  si   i
.    e ts  r ythmic
   l     fro
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e v e n t s , s u c h a s l i t h o s t a t i c p r e s s u r e , d e h y d r a t i o n a n d 
t h e a c t i v i t y o f o r g a n i s m s . 
T h e c l a s s i f i c a t i o n p r e s e n t e d h e r e i s f o r o i l s h a l e 
m a r l s t o n e , t e r r i g e n o u s r o c k s a n d s h a l l o w - w a t e r l a c u s t r i n e 
c a r b o n a t e s . T h e m a j o r i t y o f t h e s a m p l e s u s e d i n d e v e l o p ­
i n g t h e c l a s s i f i c a t i o n a r e o i l s h a l e a n d m a r l s t o n e ( T a b l e -
1 ) . T h e o t h e r r o c k t y p e s a r e i n c l u d e d s o t h a t t h e p r i m a r y 
a n d s e c o n d a r y s t r u c t u r e d i s t r i b u t i o n i n o i l s h a l e a n d m a r l ­
s t o n e c a n b e c o m p a r e d a n d c o n t r a s t e d w i t h r o c k s o f d i f f e r e n t 
l i t h o l o g i e s i n t h e G r e e n R i v e r F o r m a t i o n . 
P r i m a r y s t r a t i f i c a t i o n t y p e s 
D e f i n i t i o n o f p r i m a r y s t r a t i f i c a t i o n t y p e s g e n e r a l l y 
d e p e n d s u p o n t h e i n t r i n s i c p r o p e r t i e s o f t h e s e d i m e n t a r y 
r o c k o r s e d i m e n t . T h e o r g a n i z a t i o n o r l a c k o f o r g a n i z a t i o n 
i n a r o c k d e f i n e s t h e s e d i m e n t a r y s t r u c t u r e s . T h e m o s t 
b a s i c u n i t o f s e d i m e n t a r y r o c k i s t h e ' s t r a t i f i c a t i o n u n i t . ' 
V a r i a t i o n i n t h e c o n f i g u r a t i o n o f s t r a t i f i c a t i o n u n i t s 
g e n e r a l l y d e f i n e s t h e b a s i c s t r a t i f i c a t i o n t y p e s ( i . e . , 
p r i m a r y s t r u c t u r e s ) . A s t r a t i f i c a t i o n u n i t i s t h a t t h i c k ­
n e s s o f s e d i m e n t w h i c h w a s d e p o s i t e d u n d e r e s s e n t i a l l y 
c o n s t a n t p h y s i c a l c o n d i t i o n s ( O t t o , 1 9 3 8 ) , T h e i m p o r t a n t 
p a r t o f t h i s d e f i n i t i o n f o r G r e e n R i v e r F o r m a t i o n r o c k s i s 
t h e t h i c k n e s s . F o r f i n e - g r a i n e d r o c k s , s u c h a s o i l s h a l e , 
t r u e s t r a t i f i c a t i o n u n i t s c a n b e s t b e s e e n b y c u t t i n g a 
s l a b o f t h e r o c k s o t h a t t h e i n t e r n a l o r g a n i z a t i o n i s 
v i s i b l e . U s i n g t h i s a p p r o a c h , t h e s t r a t i f i c a t i o n u n i t s o f 
t ,   thostati c s r , t i   
 t  f orga is  
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o i l s h a l e a n d m a r l s t o n e a r e t h e s m a l l e s t d i s c e r n i b l e 
l a y e r s o b s e r v e d b y t h e u n a i d e d e y e . S i n c e i t i s p r o b a b l e 
t h a t t h e a l t e r n a t i o n o f t h e s e l a y e r s i s r e l a t e d t o s e a s o n a l 
o r p e r i o d i c v a r i a t i o n i n d e p o s i t l o n a l c o n d i t i o n s , e a c h 
l a y e r w a s d e p o s i t e d u n d e r e s s e n t i a l l y c o n s t a n t p h y s i c a l 
a n d c h e m i c a l c o n d i t i o n s . T h a t t h e s e c o n d i t i o n s w e r e r e ­
p e a t e d m a n y t i m e s i s n o t i m p o r t a n t , W h a t i s i m p o r t a n t i s 
t h a t a p a r t i c u l a r l a m i n a w a s d e p o s i t e d u n d e r c o n d i t i o n s 
d i f f e r e n t f r o m t h o s e r e l a t i n g t o t h e l a m i n a e a b o v e a n d 
b e l o w i t , T h u s , w i t h t h i s r e s t r i c t i o n , t h e l a m i n a e i n o i l 
s h a l e , m a r l s t o n e , a n d o t h e r f i n e - g r a i n e d r o c k s i n t h e G r e e n 
R i v e r F o r m a t i o n a r e t h e s t r a t i f i c a t i o n u n i t s d e f i n e d b y 
O t t o ( 1 9 3 8 ) . 
V a r i a t i o n s i n t h e g e o m e t r y o f s t r a t i f i c a t i o n u n i t s 
a r e u s e d t o d e f i n e c e r t a i n t y p e s o f p r i m a r y s t r u c t u r e s . 
T h e g e o m e t r i c p r o p e r i t e s u s e d f o r d e f i n i t i o n i n c l u d e : t h e 
e q u a l i t y o r i n e q u a l i t y o f s t r a t i f i c a t i o n - u n i t t h i c k n e s s i n 
a v e r t i c a l s t r a t i f i c a t i o n s e q u e n c e , t h e l a t e r a l u n i f o r m i t y 
i n t h i c k n e s s o f s t r a t i f i c a t i o n u n i t s , c o n t i n u i t y o f s t r a t ­
i f i c a t i o n u n i t s , a n d p a r a l l e l i s m o f s t r a t i f i c a t i o n s u r f a c e s 
( P e t t i j o h n a n d P o t t e r , 1 9 6 4 ; C a m p b e l l , 1 9 ' ? ; R e i n e c k a n d 
S i n g h , 1 9 7 3 ) . S t r a t i f i c a t i o n s u r f a c e s s e p a r a t e s t r a t i f i c a ­
t i o n u n i t s ( C a m p b e l l , 1 9 6 7 ) . V a r i a t i o n s i n t h e s e g e o m e t r i c 
p r o p e r t i e s p r o d u c e t h e e i g h t p r i m a r y s t r a t i f i c a t i o n t y p e s 
t h a t a r e m o s t c o m m o n i n t h e f i n e - g r a i n e d r o c k s o f t h e G r e e n 
R i v e r F o r m a t i o n ( F i g . 6 ) 1 1 ) e v e n p a r a l l e l s t r a t i f i c a t i o n ; 
2 ) d i s c o n t i n u o u s e v e n p a r a l l e l s t r a t i f i c a t i o n ; 3 ) w a v y 
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p a r a l l e l s t r a t i f i c a t i o n ? 4 ) w a v y n o n p a r a l l e l s t r a t i f i c a t i o n ? 
5 ) d i s c o n t i n u o u s w a v y p a r a l l e l s t r a t i f i c a t i o n ; 6 ) d i s c o n ­
t i n u o u s w a v y n o n p a r a l l e l s t r a t i f i c a t i o n ; 7 ) d i s c o n t i n u o u s 
c u r v e d p a r a l l e l s t r a t i f i c a t i o n ; a n d 8 ) c u r v e d n o n p a r a l l e l 
s t r a t i f i c a t i o n . O t h e r s e d i m e n t a r y s t r u c t u r e s a r e r e l a t e d 
m o r e c l o s e l y t o t h e i n t e r n a l f a b r i c o f t h e s t r a t i f i c a t i o n 
u n i t s r a t h e r t h a n t o t h e g e o m e t r y o f s t r a t i f i c a t i o n s u r f a c e s . 
F i v e s u c h p r i m a r y s t r u c t u r e s a r e common i n t h e G r e e n R i v e r 
F o r m a t i o n ( F i g . 6 ) : 1 ) s t r u c t u r e l e s s ; 2 ) m o t t l e d ; 3 ) b r e c -
c i a t e d ; 4 ) a l g a l ; a n d 5 ) g r a d e d . 
S e c o n d a r y s t r u c t u r e s 
S e c o n d a r y s t r u c t u r e s g e n e r a l l y d i s t u r b o r d e s t r o y 
p r i m a r y s t r a t i f i c a t i o n u n i t s . T h e s e s t r u c t u r e s c a n o c c u r 
a l o n g a s i n g l e s t r a t i f i c a t i o n s u r f a c e o r t h e y c a n c u t 
a c r o s s m a n y s u r f a c e s a n d l a m i n a e . T h e m o s t common s e c o n ­
d a r y s t r u c t u r e s i n t h e f i n e - g r a i n e d r o c k s o f t h e G r e e n 
R i v e r F o r m a t i o n a r e ( F i g . 6 ) s 1 ) l o o p s t r u c t u r e s ; 2 ) 
f a u l t s t r u c t u r e s ; 3 ) c r y s t a l g r o w t h ; 4 ) b i o t u r b a t i o n ; 
5 ) c o n t o r t i o n ; a n d 6 ) d i s r u p t i o n . 
D e s c r i p t i o n o f S e d i m e n t a r y S t r u c t u r e s 
P r i m a r y s t r a t i f i c a t i o n t y p e s 
S t u d y o f t h e s l a b s s h o w e d t h a t 1 3 p r i m a r y s t r a t i f i c a ­
t i o n t y p e s a r e n e c e s s a r y f o r t h e d e s c r i p t i o n o f f i n e - g r a i n e d 
r o c k s o f t h e G r e e n R i v e r F o r m a t i o n ( F i g , 6 ) , 
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F i g u r e 6 . D i a g r a m m a t i c i l l u s t r a t i o n o f s t r a t i f i c a t i o n t y p e s a n d s e c o n d a r y s t r u c t u r e s 
i n f i n e - g r a i n e d r o c k s o f t h e G r e e n R i v e r F o r m a t i o n . N u m b e r s a n d l e t t e r s a r e f o r 
r e f e r e n c e i n F i g u r e s 1 1 , 1 2 a n d 1 3 . 
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E v e n p a r a l l e l s t r a t i f i c a t i o n . T h i s t y p e o f s t r a t i f i c a ­
t i o n i s f o u n d a l m o s t e x c l u s i v e l y i n o i l s h a l e a n d m a r l s t o n e . 
I t i s o n e o f t h e t y p e s o f s t r a t i f i c a t i o n r e f e r r e d t o a s 
v a r v e s b y B r a d l e y ( 1 9 2 9 b . 1 9 3 1 ) . A s d i s c u s s e d p r e v i o u s l y , 
t h i s s t r u c t u r a l t y p e c o n s i s t s o f t h i n t o v e r y t h i n a l t e r n a ­
t i o n s o f d i f f e r e n t c o l o r e d l a m i n a e ( F i g . ? a ) t h a t p e r s i s t 
a c r o s s t h e e n t i r e p o l i s h e d s l a b o r c o r e . G e n e r a l l y , t h e 
l a m i n a e a r e u n i f o r m i n t h i c k n e s s a n d h a v e s h a r p c o n t a c t s 
( F i g . 7 b ) t h a t a c c e n t u a t e t h e p l a n a r n a t u r e . F r e q u e n t l y , 
l o o p a n d f a u l t s e c o n d a r y s t r u c t u r e s a r e f o u n d a s s o c i a t e d 
w i t h e v e n p a r a l l e l s t r a t i f i c a t i o n , 
I n t h e P a r a c h u t e C r e e k M e m b e r , e v e n p a r a l l e l s t r a t i f i ­
c a t i o n i s m o s t c o m m o n i n m a r l s t o n e a n d l o w - g r a d e o i l s h a l e 
a n d t e n d s t o d i m i n i s h i n f r e q u e n c y o f o c c u r r e n c e a s t h e 
o r g a n i c c o n t e n t i n c r e a s e s ( F i g . 1 1 ) . T h i s t y p e o f s t r a t i f i ­
c a t i o n a l s o i s p r e s e n t i n f i n e r g r a i n e d c l a s t i c r o c k s 
( F i g . 1 2 ) . 
D i s c o n t i n u o u s e v e n p a r a l l e l s t r a t i f i c a t i o n . T h i s t y p e 
o f s t r a t i f i c a t i o n r e s e m b l e s t h e e v e n p a r a l l e l t y p e e x c e p t 
t h a t s o m e o r a l l o f t h e l a m i n a e a r e l a t e r a l l y d i s c o n t i n u o u s 
( F i g . 7 c ) , M i c r o s c o p i c d i s c o n t i n u o u s e v e n p a r a l l e l s t r a t i ­
f i c a t i o n ( F i g , 7 d ) i n o i l s h a l e i s c o m m o n a n d o f t e n m a k e s 
u p m e g a s c o p i c l a m i n a e o f m o r e c o n t i n u o u s l a t e r a l e x t e n t , 
M a n y o f t h e d i s c o n t i n u o u s e v e n p a r a l l e l m i c r o l a m i n a e a p p a r -
e n t l y a r e p l a n t r e m a i n s o r a l g a l f i l a m e n t s t h a t f e l l t o t h e 
l a k e b o t t o m . 
D i s c o n t i n u o u s e v e n p a r a l l e l s t r a t i f i c a t i o n i s m o s t 
a b u n d a n t i n o i l s h a l e a n d m a r l s t o n e , a n d i s t h e m o s t common 
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F i g u r e ? . P h o t o g r a p h s o f p o l i s h e d s l a b s a n d t h i n - s e c t i o n 
p h o t o m i c r o g r a p h s s h o w i n g s t r a t i f i c a t i o n t y p e s i n o i l 
s h a l e , 
A . E v e n p a r a l l e l l a m i n a t i o n i n m o d e r a t e - g r a d e o i l s h a l e . 
N o t e l o o p s t r u c t u r e s a n d l o w - a n g l e , n o r m a l f a u l t , 
B , P h o t o m i c r o g r a p h o f e v e n p a r a l l e l l a m i n a t i o n . P l a n e l i g h t , 
C , D i s c o n t i n u o u s e v e n p a r a l l e l h o r i z o n t a l l a m i n a t i o n i n 
s i l t s t o n e a n d o i l s h a l e , 
D , P h o t o m i c r o g r a p h o f d i s c o n t i n u o u s l a m i n a t i o n . P l a n e 
l i g h t . N o t e n u m e r o u s e u h e d r a l a n d s u b h e d r a l a u t h i -
g e n i c m i n e r a l g r a i n s . 
E . V/avy p a r a l l e l a n d n o n p a r a l l e l l a m i n a t i o n . N o t e l e n s o i d 
n a t u r e o f s t r a t i f i c a t i o n u n i t s , 
F . P h o t o m i c r o g r a p h o f l e n s o i d w a v y p a r a l l e l l a m i n a t i o n . 
C r o s s e d n i c o l s . N o t e l a r g e e u h e d r a l c a r b o n a t e m i n e r a l s . 
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t y p e o f s t r a t i f i c a t i o n i n r i c h e r g r a d e s o f o i l s h a l e ( F i g . 
1 1 ) . T h i s s t r u c t u r e t e n d s t o s h o w a n i n v e r s e r e l a t i o n s h i p 
w i t h t h e e v e n p a r a l l e l s t r u c t u r a l t y p e ; l o w g r a d e s o f o i l 
s h a l e h a v e m o r e e v e n p a r a l l e l l a m i n a t i o n a n d r i c h e r o i l 
s h a l e h a s m o r e d i s c o n t i n u o u s t y p e s ( F i g . 1 1 ) . D i s c o n t i n u o u s 
e v e n p a r a l l e l s t r a t i f i c a t i o n i s r a r e i n n o n - o i l s h a l e c a r b o ­
n a t e a n d f i n e - g r a i n e d c l a s t i c r o c k s ( F i g . 1 2 ) , 
W a v y p a r a l l e l a n d n o n p a r a l l e l s t r a t i f i c a t i o n . F o r 
d i s c u s s i o n a n d q u a n t i t a t i v e s t u d y ( F i g s . 1 1 , 1 2 ) , w a v y 
p a r a l l e l a n d w a v y n o n p a r a l l e l s t r a t i f i c a t i o n t y p e s ( F i g . 6 ) 
a r e g r o u p e d . B o t h t y p e s a r e s i m i l a r i n g e o m e t r y e x c e p t f o r 
p a r a l l e l i s m o f s t r a t i f i c a t i o n s u r f a c e s . 
I n m o s t i n s t a n c e s , i t i s d i f f i c u l t t o d e t e r m i n e i f 
t h e u n d u l a t i o n s o f t h e l a m i n a e w e r e s y n d e p o s i t i o n a l f e a t u r e s 
o r w e r e i n d u c e d d u r i n g d i a g e n e s i s . P r o b a b l y , s o m e o f t h e 
u n d u l a t o r y n a t u r e i s t h e r e s u l t o f d i f f e r e n t i a l c o m p a c t i o n 
o f t h e s e d i m e n t . D e s p i t e t h i s , t h e s e t w o s t r u c t u r e s a r e 
i n c l u d e d i n t h e p r i m a r y g r o u p b e c a u s e t h e y a r e r e l a t e d t o 
t h e s t r a t i f i c a t i o n g e o m e t r y r a t h e r t h a n t o d e f i n i t e s e c o n ­
d a r y s t r u c t u r e s . 
W a v y p a r a l l e l a n d n o n p a r a l l e l s t r a t i f i c a t i o n ( F i g , 7 e ) 
i s o b s e r v e d m a i n l y i n o i l s h a l e . L o w - g r a d e o i l s h a l e i s 
c o m p o s e d o f t h i s t y p e o f s t r u c t u r e m o r e c o m m o n l y t h a n i s 
m a r l s t o n e a n d t h e r i c h e r g r a d e s o f o i l s h a l e ( F i g , 1 1 ) . 
S a n d s t o n e , s i l t s t o n e a n d c l a y s t o n e a l s o d i s p l a y t h i s s t r u c ­
t u r a l t y p e ( F i g . 1 2 ) . M i c r o s c o p i c w a v y p a r a l l e l a n d n o n -
p a r a l l e l s t r a t i f i c a t i o n ( F i g . ? f ) i s p r e s e n t i n s o m e t h i n 
s e c t i o n s o f o i l s h a l e , 
 
 f tificat i on  i e  des f  l e ( . i  
. is uc t ure s  o   se r e l  
  e  l l e l t ral  j 1 0 '1/ es f  
e e   e l a   i c e   
le s  i s s i . . iscontin  
 l a ifi ation  e  -oil l  carbo -
  e - gr ai ed   i . ) . 
 n ra lel T'l  nara lel tif ti .  
i   t t    II  , 
l   ar ll ·  t  s .  
 ,    il     for 
li s  f ti ti  sur s
 st ces,   i i lt  i  i  
 l ti s f  i ae  s  featur s
   i  i . ,  f t
y  s  lt f i ti l compacti
  t. it  i    es ar  
l e      s     t
 ti       secon-
 str ture s
  l tificati  i . 
     l . -   e is
  i      l   is
 e       e . 11 )
t , s to e  t    i  struc-
  P . . icr i  'Vl    non -
all l i ation . 7 )  t   thin
   shale .
3 6 
W a v y p a r a l l e l s t r a t i f i c a t i o n c a n r e s u l t w h e n t h e 
c o m p o n e n t s o f s t r a t i f i c a t i o n a r e l e n t i c u l a r i n s h a p e . T h e 
l e n t i c u l a r c o m p o n e n t s m a y h e o f o r g a n i c o r m i n e r a l m a t t e r . 
C t h e r e x a m p l e s o f t h i s s t r a t i f i c a t i o n t y p e a p p a r e n t l y d i s ­
p l a y s m a l l - s c a l e i n t e r t o n g u i n g o f m i n e r a l a n d o r g a n i c 
m a t e r i a l s . 
D i s c o n t i n u o u s w a v y p a r a l l e l a n d n o n p a r a l l e l s t r a t i f i c a -
t i o n . D i s c o n t i n u o u s w a v y p a r a l l e l ( F i g . 8 a ) a n d d i s c o n ­
t i n u o u s w a v y n o n p a r a l l e l ( F i g . 8 b ) s t r a t i f i c a t i o n a r e a l s o 
g r o u p e d ( F i g . 6 ) f o r d i s c u s s i o n . T h e s e s t r u c t u r e s a r e 
s i m i l a r t o t h o s e d e s c r i b e d i n t h e p r e c e d i n g s e c t i o n e x c e p t 
t h a t t h e l a m i n a r e l e m e n t s a r e n o t c o n t i n u o u s a c r o s s t h e 
p o l i s h e d s l a b o r d r i l l c o r e . 
T h e s e s t r u c t u r a l t y p e s a r e common i n o i l s h a l e , m a r l ­
s t o n e a n d f i n e - g r a i n e d t e r r i g e n o u s r o c k s ( F i g s , 1 1 , 1 2 ) . 
I n o i l s h a l e , t h e r e i s a n i n v e r s e r e l a t i o n s h i p b e t w e e n t h e 
o c c u r r e n c e o f c o n t i n u o u s w a v y p a r a l l e l a n d n o n p a r a l l e l 
s t r a t i f i c a t i o n a n d d i s c o n t i n u o u s w a v y p a r a l l e l a n d n o n p a r a l ­
l e l s t r a t i f i c a t i o n ; i n l o w - g r a d e o i l s h a l e a n d m a r l s t o n e , 
t h e c o n t i n u o u s t y p e s a r e m o r e c o m m o n , b u t a s o r g a n i c c o n ­
t e n t i n c r e a s e s , t h e d i s c o n t i n u o u s t y p e i n c r e a s e s a t t h e 
e x p e n s e o f t h e c o n t i n u o u s t y p e . 
D i s c o n t i n u o u s c u r v e d p a r a l l e l s t r a t i f i c a t i o n . D i s c o n ­
t i n u o u s c u r v e d p a r a l l e l s t r a t i f i c a t i o n ( F i g . 6 ) i s o n e o f 
t h e l e a s t common s t r u c t u r a l t y p e s . I t w a s n o t o b s e r v e d i n 
o i l s h a l e o r i n m a r l s t o n e ( F i g . 1 1 ) , a n d i s r a r e i n s a n d ­
s t o n e , s i l t s t o n e a n d c l a y s t o n e ( F i g . 1 2 ) . I n t h e c l a s t i c 
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F i g u r e 8 . P h o t o g r a p h s o f p o l i s h e d s l a b s s h o w i n g s t r a t i f i ­
c a t i o n t y p e s , 
A . D i s c o n t i n u o u s w a v y p a r a l l e l l a m i n a t i o n i n o i l s h a l e . 
N o t e j a g g e d o u t l i n e o f d a r k e r , o r g a n i c - r i c h m a t e r i a l . 
B . D i s c o n t i n u o u s w a v y p a r a l l e l a n d n o n p a r a l l e l s t r a t i f i c a ­
t i o n i n m a r l s t o n e . N o t e a b u n d a n t d i s s e m i n a t e d p y r i t e 
a n d l a r g e p y r i t e p o d . 
C . C u r v e d n o n p a r a l l e l l a m i n a t i o n i n a m i c r o - c r o s s - l a m i n a t e d 
s a n d y s p a r i t e , 
D . S t r u c t u r e l e s s p y r i t i c s i l t s t o n e . N o t e s p h e r i c a l o u t l i n e 
o f p y r i t e . 
F , B r e c c i a t e d o i l s h a l e . N o t e o x i d i z e d a p p e a r a n c e a n d n u m ­
e r o u s a n g u l a r c a v i t i e s . 
G , A l g a l s t r a t i f i c a t i o n . N o t e i n t e r l a m i n a t i o n o f c a l c i t e -
r i c h a n d d o l o m i t e - r i c h ( d a r k ) l a m i n a , a n d c r e n u l a t i o n o f 
l a m i n a e , 
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r o c k s , t h i s s t r u c t u r a l t y p e i s c o m m o n l y p a r t o f a l a r g e r 
c r o s s - s t r a t i f i c a t i o n s y s t e m f r o m w h i c h t h e s a m p l e w a s 
t a k e n . 
C u r v e d n o n p a r a l l e l s t r a t i f i c a t i o n . C u r v e d n o n p a r a l ­
l e l s t r a t i f i c a t i o n ( F i g . 6 ) i s a l s o r e s t r i c t e d t o c l a s t i c 
r o c k s . G e n e r a l l y , t h i s t y p e i s a s s o c i a t e d w i t h m i c r o - c r o s s 
s t r a t i f i c a t i o n ( H a m b l i n , 1 9 6 1 ) i n s p a r r y s a n d s t o n e , s p a r r y 
s i l t s t o n e a n d s i l t y s p a r i t e . An e x a m p l e o f c u r v e d n o n -
p a r a l l e l l a m i n a t i o n i s s h o w n i n F i g u r e 8 c . 
S t r u c t u r e l e s s . S t r u c t u r e l e s s u n i t s w e r e o b s e r v e d i n 
a l l l i t h o l o g i c t y p e s . L a c k o f v i s i b l e s t r a t i f i c a t i o n i s 
m o s t c o m m o n i n t h e n o n - o i l s h a l e r o c k s ( F i g , 1 2 ) , p a r t i c ­
u l a r l y i n s a n d s t o n e . T h i s r e s u l t i s p a r t l y r e l a t e d t o t h e 
s a m p l i n g p r o c e d u r e , b e c a u s e h a n d - s i z e d p i e c e s f r o m a t h i c k -
b e d d e d s a n d s t o n e o r s i l t s t o n e u n i t w o u l d n o t s h o w l a r g e r 
s c a l e s t r a t i f i c a t i o n . I n s o m e o i l s h a l e a n d m a r l s t o n e , 
t h e o c c u r r e n c e o f s t r u c t u r e l e s s i n t e r v a l s i s a l s o r e l a t e d 
t o t h e s c a l e o f t h e s a m p l e r e l a t i v e t o t h e l a r g e r o u t c r o p 
s t r u c t u r e o r b e d d i n g . I n v e r y r i c h o i l s h a l e , t h e h i g h 
o r g a n i c c o n t e n t m a s k s t h e s t r a t i f i c a t i o n a n d g i v e s t h e s l a b 
a s t r u c t u r e l e s s a p p e a r a n c e . F i g u r e 8 d s h o w s a s t r u c t u r e l e s 
p y r i t i c s i l t s t o n e , 
M o t t l e d s t r a t i f i c a t i o n . M o t t l e d s t r a t i f i c a t i o n ( F i g . 
6 ) w a s n o t o b s e r v e d i n o i l s h a l e s l a b s o r d r i l l c o r e s ( F i g . 
1 1 ) , b u t i s a p e r s i s t e n t t y p e i n m a r l s t o n e a n d n o n - o i l 
s h a l e c a r b o n a t e ( F i g . 1 2 ) . M o t t l i n g c o u l d h a v e b e e n c o n ­
s i d e r e d a s e c o n d a r y s t r u c t u r e . I t i s i n c l u d e d a s a p r i m a r y 
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o c c u r r e d b e f o r e a n y l i t h i f i c a t i o n . S e c o n d a r y s t r u c t u r e s , 
a s c o n s i d e r e d i n t h i s s t u d y , c l e a r l y s h o w e v i d e n c e o f a 
p o s t - d e p o s i t i o n a l e v e n t ( e . g . , f a u l t i n g , g r o w t h o f c r y s t a l ­
l i n e m a t t e r ) , S e c o n d a r y s t r u c t u r e s a r e r e c o g n i z a b l e 
b e c a u s e s o m e o f t h e p r i m a r y s t r a t i f i c a t i o n i s l e f t i n t a c t . 
M o t t l e d s t r a t i f i c a t i o n i s r e c o g n i z e d b y c o l o r v a r i a t i o n s 
i n t h e r o c k ( F i g . 8 e ) , 
B r e c c i a t e d s t r a t i f i c a t i o n . T h i s t y p e o f s t r a t i f i c a ­
t i o n i s a d i s t i n c t i v e t y p e i n c e r t a i n z o n e s o f o i l s h a l e 
n e a r t h e t o p o f t h e P a r a c h u t e G r e e k M e m b e r i n t h e P i c e a n c e 
C r e e k B a s i n , T h i s t y p e o f s t r u c t u r e i s n o t f o u n d i n m a r l ­
s t o n e , t e r r i g e n o u s o r c a r b o n a t e r o c k ( F i g s , 1 1 , 1 2 ) , I t i s 
m o s t c o m m o n i n m o d e r a t e - g r a d e o i l s h a l e . T h e b r e c c i a t e d 
f a b r i c ( F i g , 8 f ) i s c o m p o s e d o f i n t e r l o c k i n g a n g u l a r f r a g ­
m e n t s o f o i l s h a l e , g e n e r a l l y n o t e x c e e d i n g 1 cm i n m a x i m u m 
d i m e n s i o n . S m a l l , d i s s e m i n a t e d , a n g u l a r c a v i t i e s , p r o b a b l y 
o n c e f i l l e d w i t h s o d i u m c a r b o n a t e o r b i c a r b o n a t e m i n e r a l s , 
a r e a l s o c o m m o n , B r e c c i a t i o n m a y b e c o m p l e t e o v e r t h e 
e n t i r e s a m p l e o r c a n b e r e s t r i c t e d t o i n d i v i d u a l l a m i n a o r 
g r o u p s o f l a m i n a . B r e c c i a f r a g m e n t s a r e u s u a l l y f o u n d i n 
a m a t r i x o f m a r l s t o n e o r l o w - g r a d e o i l s h a l e . 
A s w i t h t h e m o t t l e d s t r u c t u r e t y p e , b r e c c i a t e d s t r u c ­
t u r e c o u l d b e c o n s i d e r e d a s e c o n d a r y f e a t u r e . T h e b r e c ­
c i a t e d s t r u c t u r e r e s e m b l e s t h e d i s r u p t i o n t y p e o f s e c o n d a r y 
s t r u c t u r e ( F i g , 6 ) , T h e d e c i s i o n t o m a k e b r e c c i a t i o n a 
p r i m a r y s t r u c t u r e w a s m a d e o n t h e b a s i s o f e x t e n t o f 
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l i t h i f i c a t i o n . B r e c c i a t i o n a p p a r e n t l y w a s c o m p l e t e d b e f o r e 
l i t h l f i c a t i o n o r p a r t i a l l i t h i f i c a t i o n . I t i s a l s o a d e f ­
i n i t e t y p e o f i n t e r n a l s t r a t i f i c a t i o n a n d i s p e r v a s i v e i n 
t h e o u t c r o p , a f e a t u r e s e c o n d a r y s t r u c t u r e s u s u a l l y d o n o t 
d i s p l a y . 
B r e c c i a t i o n p r o b a b l y w a s p r o d u c e d by p e r i o d i c s u b -
a e r i a l e x p o s u r e o f o i l s h a l e , O x i d a t i o n o f o r g a n i c m a t t e r 
i s common i n m o s t b r e c c i a t e d s l a b s . 
B r a d l e y ( 1 9 3 1 i P . 2 8 ) i n d i c a t e d t h a t t w o t y p e s o f o i l -
s h a l e b r e c c i a s a r e common i n t h e G r e e n R i v e r F o r m a t i o n : 
1 ) a b r e c c i a c o n t a i n i n g c o a r s e f r a g m e n t s o f o i l s h a l e a n d 
m a r l s t o n e o r i e n t e d a t a p p r e c i a b l e a n g l e s t o t h e b e d d i n g ; 
a n d 2 ) a b r e c c i a c o n t a i n i n g g r e a t n u m b e r s o f s m a l l f l a k e s 
o f r i c h e r o i l s h a l e , m o s t o f w h i c h a r e o r i e n t e d p a r a l l e l t o 
t h e l a m i n a t i o n o f t h e e n c l o s i n g b e d , T h e f i r s t t y p e o f 
b r e c c i a i s c l o s e l y r e l a t e d t o t h e b r e c c i a t e d f a b r i c d e s ­
c r i b e d h e r e ; t h e s e c o n d t y p e c o u l d m o r e c l o s e l y b e c a l l e d 
a n i n t r a c l a s t i c f a b r i c o r i n t r a f o r m a t i o n a l c o n g l o m e r a t e . 
A l g a l s t r a t i f i c a t i o n , A l g a l s t r a t i f i c a t i o n r e f e r s 
o n l y t o t h e n o n - o i l s h a l e , s t r o m a t o l i t i c o r m a t t y p e o f 
a l g a l d e p o s i t i o n , G e n e r a l l y , t h e g e o m e t r y o f t h e a l g a l 
s t r a t i f i c a t i o n i s s m a l l - s c a l e l a t e r a l l y l i n k e d h e m i s p h e r o i d s 
( L o g a n a n d o t h e r s , 1 9 6 4 ) ; T h e LLH s t r u c t u r e i n t h e p o l i s h ­
e d s l a b s i s g e n e r a l l y f r o m a l a r g e r h e a d s t r u c t u r e o f LLH 
m o r p h o l o g y . 
A l g a l l a m i n a t i o n ( F i g . 8 g ) c o n s i s t s o f a l t e r n a t i n g 
d o l o m i t e - r i c h a n d c a l c i t e - r i c h l a m i n a . T i g h t c r e n u l a t i o n s 
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a n d c r e v a s s e s a r e c o m m o n , a s w e l l a s t r a p p e d t e r r i g e n o u s 
a n d b i o c l a s t i c d e b r i s . L a m i n a e a r e c o m p o s e d o f s p o n g y 
m i c r o c r y s t a l l i n e c a r b o n a t e a n d s p a r r y c a r b o n a t e , Of a l l 
t h e s t r a t i f i c a t i o n t y p e s , a l g a l s t r a t i f i c a t i o n i s t h e m o s t 
d i s t i n c t i v e v a r i e t y . 
G r a d e d s t r a t i f i c a t i o n . G r a d e d s t r a t i f i c a t i o n i s 
. . .. I. . > 
c o m m o n i n s a n d s t o n e a n d a l l o c h e m i c a l c a r b o n a t e r o c k s , 
e s p e c i a l l y i n o o l i t i c a n d p i s o l i t i c c a r b o n a t e . O c c u r r e n c e s 
o f g r a d e d s t r a t i f i c a t i o n i n s a n d s t o n e a r e g e n e r a l l y a s s o c ­
i a t e d w i t h d i s c o n t i n u o u s c u r v e d p a r a l l e l s t r a t i f i c a t i o n a n d 
c u r v e d n o n p a r a l l e l s t r a t i f i c a t i o n . G r a d e d a n d r e v e r s e -
g r a d e d o o l i t e - p i s o l i t e s e q u e n c e a r e p r e s e n t i n t h e D o u g l a s 
C r e e k M e m b e r . 
S e c o n d a r y s t r u c t u r e s 
I n a d d i t i o n t o t h e 1 3 p r i m a r y s t r a t i f i c a t i o n t y p e s , 
6 s e c o n d a r y s t r u c t u r e s a r e c o m m o n i n t h e f i n e - g r a i n e d r o c k s 
o f t h e G r e e n R i v e r F o r m a t i o n ( F i g , 6 ) . 
L o o p s t r u c t u r e . L o o p s a r e s m a l l g r o u p s o f l a m i n a e t h a t 
a r e a b r u p t l y t e r m i n a t e d b y s y m m e t r i c a l c o n s t r i c t i o n s a l o n g 
s t r a t i f i c a t i o n p l a n e s ( B r a d l e y , 1 9 3 1 , p . 2 9 ) . A t t h e c o n ­
s t r i c t i o n s , t h e u p p e r - a n d l o w e r m o s t l a m i n a e c o n v e r g e 
a b r u p t l y a n d a p p e a r t o p i n c h o f f t h e l a m i n a e i n b e t w e e n 
' ( F i g . 9 c ) . I n o t h e r o c c u r r e n c e s , t h e c o n s t r i c t i o n i s i n ­
c o m p l e t e a n d t h e m i d d l e l a m i n a e a r e i n t a c t ( F i g . 96.), T h e 
c o n s t r i c t i o n s t h a t f o r m l o o p s a r e s y m m e t r i c o r a s y m m e t r i c . 
A s y m m e t r i c t y p e s a r e c o m m o n l y a s s o c i a t e d w i t h f a u l t s t h a t 
p a s s t h r o u g h t h e c e n t e r o f t h e l o o p a t a n a c u t e a n g l e t o 
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F i g u r e 9 . P h o t o g r a p h s o f p o l i s h e d s l a b s a n d p h o t o m i c r o g r a p h s 
o f s e c o n d a r y s t r u c t u r e s i n o i l s h a l e a n d r n a r l s t o n e . 
A . L o o p s t r u c t u r e s i n o i l s h a l e . N o t e s y m m e t r i c a n d 
a s y m m e t r i c n a t u r e o f l o o p s , 
B . N u m e r o u s l o o p s t r u c t u r e s i n p o o r l y s t r a t i f i e d rnarlstone 
a n d l e a n o i l s h a l e . A b u n d a n t c a r b o n a t e c l o t s a r e a l s o 
c o m m o n . 
C . P h o t o m i c r o g r a p h o f a p o r t i o n o f a s y m m e t r i c l o o p 
s t r u c t u r e . N o t e h o w l a m i n a e i n c e n t e r o f t h e s t r u c t u r e 
a p p e a r t o b e p i n c h e d o f f b y c o n s t r i c t i o n o f t h e u p p e r 
a n d l o w e r l a m i n a e . P l a n e l i g h t . 
D . P h o t o m i c r o g r a p h o f a n i n c o m p l e t e l o o p s t r u c t u r e i n p o o r ­
l y s t r a t i f i e d o i l s h a l e . C r o s s e d n i c o l s . 
E . N o r m a l f a u l t i n w e l l - s t r a t i f i e d o i l s h a l e a n d rnarlstone. 
N o t e i n c o m p l e t e l o o p s t r u c t u r e . S t a i n a l o n g l e f t m a r ­
g i n o f s l a b i s b e c a u s e o f w e a t h e r i n g . 
F . S e r i e s o f n o r m a l f a u l t s i n t u f f a n d o i l s h a l e f o r m i n g 
a g r a b e n . 
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t h e s t r a t i f i c a t i o n ( F i g . 7 a ) . D i s p l a c e m e n t o f l a m i n a e by-
f a u l t m o v e m e n t a p p a r e n t l y p r o d u c e d t h e a s y m m e t r y . A s y m m e t ­
r i c l o o p s a r e a l s o p r o d u c e d b y c r y s t a l - g r o w t h a n d c o n t o r ­
t i o n . 
L a m i n a e i n t e r v a l s i n v o l v e d i n a l o o p s t r u c t u r e r a n g e 
f r o m a c e n t i m e t e r t o l e s s t h a n a m i l l i m e t e r t h i c k , a n d t h e 
a v e r a g e t h i c k n e s s i s 2 mm. L o o p s e i t h e r m a y b e r e s t r i c t e d 
t o p a r t i c u l a r s t r a t a l l a y e r s i n a s l a b ( F i g , 9 a ) o r b e 
e v e n l y d i s t r i b u t e d o v e r t h e e n t i r e s l a b ( F i g . 9 b ) , 
L o o p s t r u c t u r e s a r e m o s t c o m m o n i n o i l s h a l e a n d 
rnarlstone o f t h e P a r a c h u t e C r e e k M e m b e r ( F i g . 1 1 ) . T h e y 
r a r e l y a r e p r e s e n t i n c l a y s t o n e a n d a n a l c i m e - r i c h c l a y -
s t o n e a n d s i l t s t o n e ( F i g . 1 2 ) o f t h e P a r a c h u t e C r e e k Mem­
b e r . L o o p s a r e m o s t a b u n d a n t i n l o w - t o m o d e r a t e - g r a d e 
o i l s h a l e a n d a r e t h e m a j o r s e c o n d a r y s t r u c t u r e s i n m a r l -
s t o n e ( F i g . 1 1 ) , T h i s o b s e r v a t i o n c o n t r a d i c t s B r a d l e y 
( 1 9 3 1 f P . 2 9 ) w h o f o u n d l o o p b e d d i n g o n l y i n o i l s h a l e 
c a p a b l e o f y i e l d i n g a t l e a s t 1 5 g a l l o n s p e r t o n . B r a d l e y 
a l s o r e p o r t e d t h a t l o o p s t r u c t u r e s a r e c o m m o n l y a s s o c i a t e d 
w i t h s a l t - c r y s t a l n o d u l e s a n d c o n c r e t i o n s i n t h e u p p e r 
P a r a c h u t e C r e e k M e m b e r , I n t h i s s t u d y , i t w a s f o u n d t h a t 
l o o p s t r u c t u r e i s m o s t a b u n d a n t i n t h e m i d d l e o f t h e P a r a ­
c h u t e C r e e k M e m b e r a b o v e t h e M a h o g a n y l e d g e , a n d d e c r e a s e s 
i n r e l a t i v e a b u n d a n c e t o w a r d s t h e t o p o f t h e m e m b e r . 
T h e o r i g i n o f l o o p s t r u c t u r e i s n o t c l e a r l y u n d e r s t o o d . 
B r a d l e y ( 1 9 3 1 , p . 2 9 ) r e g a r d e d l o o p s a s c r o s s - s e c t i o n s o f 
m u d c r a c k s i n o i l s h a l e . T h e s e ' m u d c r a c k s ' w e r e a p p a r e n t l y 
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i n c o m p l e t e b e c a u s e t h e e d g e s d i d n o t c u r l u p , S u b a e r i a i 
d e s s i c a t i o n c o n c e i v a b l y s h o u l d p r o d u c e a h o r i z o n o f mud 
c r a c k s t h a t e x t e n d s l a t e r a l l y f o r s o m e d i s t a n c e , T h i s 
g e n e r a l l y w a s n o t o b s e r v e d i n t h e f i e l d . T h e o i l s h a l e 
l o o p s a r e p r e s e n t i n t e x t u r a l l y h o m o g e n e o u s r o c k t h a t i s 
f i n e - g r a i n e d , T w e n h o f e l ( 1 9 3 9 • p . 5 3 8 - 5 3 9 ) s u g g e s t s t h a t 
h o m o g e n e o u s m u d s o f u n i f o r m t h i c k n e s s and . m i n o r f o r e i g n 
m a t e r i a l s ( h o l e s , t h i n p l a c e s , v e g e t a b l e m a t t e r ) s h o u l d 
c r a c k i n t o r e g u l a r l y s p a c e d p o l y g o n s . T h i s i m p l i e s t h a t 
i n c r o s s - s e c t i o n , t h e d i s t a n c e b e t w e e n c r a c k s s h o u l d b e 
f a i r l y u n i f o r m . L o o p h o r i z o n s u s u a l l y d o n o t e x t e n d f o r 
m o r e t h a n 2 0 t o 3 0 m, a n d t h e d i s t a n c e b e t w e e n l o o p s i s n o t 
c o n s t a n t , 
A n o t h e r c o m p e l l i n g r e a s o n f o r b e l i e v i n g t h a t s u b a e r i a i 
d e s i c c a t i o n i s n o t r e s p o n s i b l e f o r t h e g e n e r a t i o n o f 
m o s t l o o p s t r u c t u r e s , i s t h e p r i m a r y s t r a t i f i c a t i o n t y p e s 
w i t h w h i c h t h e l o o p s a r e a s s o c i a t e d . A s m e n t i o n e d p r e v i o u s 
l y , l o o p s t r u c t u r e s a r e c o m m o n l y a s s o c i a t e d w i t h s t r a t i f i c a ­
t i o n t h a t i s e v e n , c o n t i n u o u s a n d r e g u l a r ( i . e . , v a r v e d ) . 
T h e d e p o s i t i o n o f s u c h l a m i n a t i o n i s u n l i k e l y i n a p e r i o d ­
i c a l l y e x p o s e d d e p o s i t i o n a l e n v i r o n m e n t ( T r a d l e y , 1 9 7 3 » p . 
1 1 2 2 ) . 
M o s t l o o p s t r u c t u r e s p r o b a b l y o r i g i n a t e d b y s u b a q u e o u s 
d i a g e n e t i c c h a n g e s i n t h e s e d i m e n t ( i . e . , s y n e r e s i s c r a c k s , 
P e t t i J o h n , 1 9 5 7 , P . 9 4 ) . S u c h a n e x p l a n a t i o n h a s a l s o b e e n 
g i v e n b y P i c a r d ( 1 9 6 6 ) t o e x p l a i n t h e o r i g i n o f o r i e n t e d , 
l i n e a r , s h r i n k a g e c r a c k s i n t h e s h o r e - f a c i e s r o c k o f t h e 
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G r e e n R i v e r F o r m a t i o n . T h i s e x p l a n a t i o n r e q u i r e s t h a t t h e 
o r i g i n a l s a p r o p e l c o n t r a c t b y l o s s o f w a t e r a n d f o r m a t i o n 
o f a u t h i g e n i c m i n e r a l s . L o o p s t r u c t u r e s a r e c o m m o n l y a s s o c ­
i a t e d w i t h c r y s t a l - g r o w t h d i s r u p t i o n t h a t i s c l e a r l y p o s t -
d e p o s i t i o n a l . I n d e e d , s o m e l o o p s h a v e a c o r e o f p y r i t e , 
c a r b o n a t e o r a n a l c i m e . L o o p s s u c h a s t h e s e a r e u n d o u b t e d ­
l y d i a g e n e t i c i n o r i g i n , p o s s i b l y f o r m i n g t h o u s a n d s o f y e a r s 
a f t e r d e p o s i t i o n . 
F a u l t d i s p l a c e m e n t . S m a l l - s c a l e f a u l t i n g i s common i n 
o i l s h a l e a n d rnarlstone o f t h e P a r a c h u t e C r e e k M e m b e r , B o t h 
r e v e r s e a n d n o r m a l d i s p l a c e m e n t s w e r e o b s e r v e d i n t h e 
p o l i s h e d s l a b s , i n d r i l l c o r e s , a n d i n o u t c r o p s . N o r m a l 
f a u l t i n g i s t h e m o s t common t y p e a n d g e n e r a l l y i s f o u n d i n 
o i l s h a l e a n d rnarlstone w i t h c o n t i n u o u s a n d d i s c o n t i n u o u s 
e v e n p a r a l l e l s t r a t i f i c a t i o n ( F i g . 9 e ) , L o w - a n g l e ( t h r u s t ) 
a n d h i g h - a n g l e r e v e r s e f a u l t i n g i s c o m m o n l y a s s o c i a t e d v / i t h 
l a r g e - s c a l e c o n t o r t i o n i n o i l s h a l e ( B r a d l e y , 1 9 3 1 * P . 2 ? ) . 
S m a l l - s c a l e n o r m a l f a u l t i n g w a s a p p a r e n t l y p r o d u c e d 
b y c o m p a c t i o n a f t e r t h e s a p r o p e l h a d l i t h i f i e d e n o u g h s o 
t h a t i t w a s c a p a b l e o f f r a c t u r i n g i n s t e a d o f f l o w i n g 
p l a s t i c a l l y , F a u l t s u r f a c e s a r e g e n e r a l l y n o t p l a n a r ( F i g s . 
9 e , 9 f ) a n d i n t e r s e c t t h e s t r a t i f i c a t i o n p l a n e s a t 2 0 t o 
3 5 d e g r e e s . F a u l t p l a n e s o b s e r v e d i n t h e f i e l d s o m e t i m e s 
t r a n s e c t a t h i c k n e s s o f l a m i n a e i n e x c e s s o f 1 m. T h e 
a v e r a g e f a u l t p l a n e o b s e r v e d i n p o l i s h e d s l a b s i s a b o u t 
5 t o 2 0 cm l o n g a n d t r a n s e c t s 1 0 t o 3 0 cm o f l a m i n a t i o n . 
D r a g o f l a m i n a e a t t h e f a u l t i n t e r s e c t i o n i s c o m m o n . 
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D i p - s l i p d i s p l a c e m e n t d o e s n o t , i n g e n e r a l , e x c e e d 2 cm 
a n d i s g r e a t e s t a t t h e c e n t e r o f t h e f a u l t e d z o n e . P a i r s 
o f n o r m a l f a u l t s f o r m h o r s t s a n d g r a b e n s ( F i g . 9 f ) . T h i s 
t y p e o f f a u l t i n g i s u s u a l l y p r o d u c e d w h e r e a c o a r s e r 
g r a i n e d l a m i n a s u c h a s a t u f f h a s f a i l e d d u r i n g c o m p a c t i o n , 
a l l o w i n g t h e o v e r l y i n g o i l s h a l e t o s l u m p . 
H i g h - a n g l e a n d l o w - a n g l e r e v e r s e f a u l t s a r e n o t a s 
c o m m o n a s n o r m a l f a u l t s . R e v e r s e f a u l t s a r e c o m m o n l y a s s o c ­
i a t e d w i t h c o n t o r t e d l a m i n a e , a n d o f t e n , f o r m a s y s t e m o f 
s e m i - p a r a l l e l t h r u s t p l a n e s . R e l a t i v e d i s p l a c e m e n t i s d i f ­
f i c u l t t o d i s c e r n i n r e v e r s e f a u l t s a n d t o t a l d i s p l a c e m e n t 
i s n o t g e n e r a l l y d e t e r m i n a b l e f r o m p o l i s h e d s l a b s . R e v e r s e 
f a u l t s a r e o r i e n t e d a t a b o u t 1 0 t o 2 5 d e g r e e s t o t h e 
o r i g i n a l s t r a t i f i c a t i o n . 
T h e o r i g i n o f n o r m a l f a u l t s i s r e l a t e d m a i n l y t o c o m ­
p a c t i o n o f s e d i m e n t d u r i n g l i t h i f i c a t i o n . N o r m a l f a u l t s 
a s s o c i a t e d w i t h l o o p s t r u c t u r e s m a y h a v e d e v e l o p e d c o n c u r ­
r e n t l y w i t h l o o p s o r a f t e r w a r d . P e r h a p s , t h e l o o p s w e r e 
z o n e s o f w e a k n e s s t h a t a l l o w e d d e v e l o p m e n t o f f a u l t s d u r i n g 
l a t e r c o m p a c t i o n . 
A l t h o u g h n o r m a l f a u l t s h a v e a c l e a r l y d e f i n e d s t r u c ­
t u r e t h a t s u g g e s t s a v e r t i c a l p r i n c i p a l s h e a r s t r e s s , t h e 
r e v e r s e f a u l t s a r e n o t s o e a s i l y d e f i n e d i n o r i g i n . V/hen 
a s s o c i a t e d w i t h c o n t o r t e d b e d d i n g , t h e p r i n c i p a l s t r e s s 
v / a s p r o b a b l y p a r a l l e l t o t h e o r i g i n a l l a m i n a t i o n o r s l i g h t ­
l y i n c l i n e d t o i t . T h e s e s t r e s s e s p r o b a b l y w e r e g e n e r a t e d 
e i t h e r b y o v e r s t e e p e n i n g o f t h e o r i g i n a l s e d i m e n t o r b y 
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l a t e r a l s h r i n k a g e i n i t i a t e d "by d e h y d r a t i o n o f t h e s a p r o p e l 
( B r a d l e y , 1 9 3 1 , p . 2 ? ) . O t h e r r e v e r s e f a u l t s w e r e p r o d u c e d 
b y e x p a n s i o n o f a p a r t i c u l a r b e d o f o i l s h a l e , b y l o c a l 
b r e c c i a t i o n , o r b y g r o w t h o f l a r g e s a l i n e - m i n e r a l c o n c r e ­
t i o n s . 
C r y s t a l - g r o w t h d i s r u p t i o n . D i s p l a c e m e n t o f p r i m a r y 
s t r a t i f i c a t i o n i n o i l s h a l e a n d rnarlstone b y t h e s e c o n d a r y 
g r o w t h o f m i n e r a l s i s c o m m o n , C r y s t a l l i n e b o d i e s a r e m i c r o ­
s c o p i c i n s c a l e o r a s l a r g e a s a m e t e r i n d i a m e t e r , a n d 
a s s u m e a c o m p l e x a r r a y o f s h a p e s a n d t e x t u r e s . T h e m o s t 
c o m m o n m i n e r a l s i n v o l v e d i n d i s r u p t i o n o f l a m i n a e a r e p y r i t e , 
m a r c a s i t e , d o l o m i t e , c a l c i t e , n a h c o l i t e , s h o r e t i t e , c h a l ­
c e d o n y , a l b i t e a n d a n a l c i m e . D i s r u p t i o n o f t h e p r i m a r y 
s t r a t i f i c a t i o n m a y c o n s i s t o f o n l y s l i g h t d i s p l a c e m e n t o f 
l a m i n a e ( F i g , 1 0 b ) o r t h e t o t a l d e s t r u c t i o n o f t h e p r i m a r y 
s t r a t i f i c a t i o n ( F i g . 1 0 a ) . 
M a n y o f t h e m i c r o s c o p i c m i n e r a l b o d i e s ( F i g s , ? b , ? d ) 
a r e t o o s m a l l t o d i s t u r b l a m i n a e a n d m i c r o l a r n i n a e , L a r g e r 
c r y s t a l - g r o w t h b o d i e s c o n s i s t o f a g g r e g r a t e s o f o p t i c a l l y 
d i s t i n c t e u h e d r a l t o s u b h e d r a l c r y s t a l s ( F i g , 1 0 a ) o r c o n ­
s i s t o f s i n g l e c r y s t a l s ( F i g . 1 0 c ) , A g g r e g r a t e s o f c r y s t a l s 
( F i g . 1 0 b ) g e n e r a l l y a r e n o t m o n o m i n e r a l l i c , 
C r y s t a l - g r o w t h d i s r u p t i o n o f s t r a t i f i c a t i o n w a s n o t e d 
i n m o s t r o c k s , b u t i s m o s t common i n o i l s h a l e . C r y s t a l -
g r o w t h d i s r u p t i o n i s t h e m o s t a b u n d a n t t y p e o f s e c o n d a r y 
s t r u c t u r e i n t h e r i c h a n d l o w e r g r a d e o i l s h a l e s , a n d i s 
s e c o n d o n l y t o l o o p s t r u c t u r e i n a b u n d a n c e i n m o d e r a t e - g r a d e 
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F i g u r e 1 0 . P h o t o g r a p h s o f p o l i s h e d s l a b s a n d p h o t o m i c r o ­
g r a p h s o f s e c o n d a r y s t r u c t u r e s i n o i l s h a l e a n d m a r l -
s t o n e . 
A . H i g h l y c o n t o r t e d o i l s h a l e p r o d u c e d b y g r o w t h o f m i n e r a l 
m a t t e r . C r y s t a l l i n e m a t e r i a l i s q u a r t z a n d c h a l c e d o n y . 
B . P h o t o m i c r o g r a p h o f c r y s t a l - g r o w t h b o d y o f q u a r t z , a n a l -
c i m e a n d f e l d s p a r . N o t e m i n o r d i s p l a c e m e n t o f p r i m a r y 
s t r a t i f i c a t i o n . P l a n e l i g h t . 
C . P h o t o m i c r o g r a p h o f c r y s t a l - g r o w t h d i s r u p t i o n o f a s i n ­
g l e l a m i n a . E u h e d r a l g r a i n i s c a l c i t e . C r o s s e d n i c o l s , 
D . H i g h l y c o n t o r t e d r i c h o i l s h a l e . L i g h t e r c o l o r e d a r e a s 
a r e i r o n - s u l f i d e z o n e s . 
E . P h o t o m i c r o g r a p h o f d i s r u p t e d t e x t u r e i n o i l s h a l e . N o t e 
d i s c o n t i n u o u s n a t u r e o f l a m i n a e , i n c i p i e n t f r a c t u r e s , 
a n d l a r g e c a r b o n a t e g r a i n w i t h r i m o f i r o n s u l f i d e . 
P l a n e l i g h t , 
F . D i s r u p t i o n o f m o d e r a t e - g r a d e o i l s h a l e b y i n j e c t i o n o f 
s a n d y t u f f . 
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o i l s h a l e ( F i g . 1 1 ) . C r y s t a l d i s r u p t i o n i s a l s o f a i r l y 
c o m m o n i n rnarlstone. C i l s h a l e a n d rnarlstone w i t h p r i m a r y 
s t r a t i f i c a t i o n o f a d i s c o n t i n u o u s n a t u r e h a v e t h e m o s t 
c r y s t a l - g r o w t h d i s r u p t i o n . T h i s i s e s p e c i a l l y e v i d e n t i n 
t h e r i c h e r g r a d e s o f o i l s h a l e . C r y s t a l d i s r u p t i o n t e n d s 
t o b e m o s t a b u n d a n t i n t h e u p p e r p a r t o f t h e P a r a c h u t e 
C r e e k M e m b e r . 
D i s r u p t i o n a n d d i s p l a c e m e n t o f l a m i n a e b y g r o w t h o f 
c r y s t a l l i n e m a t e r i a l i s t h e m o s t common s e c o n d a r y s t r u c t u r e 
i n s i l t s t o n e a n d c l a y s t o n e ( F i g . 1 2 ) . G e n e r a l l y , t h e d i s ­
r u p t i o n i s b y p y r i t e . 
O r i g i n o f t h e m i n e r a l s i n c r y s t a l l i n e b o d i e s i s d i f ­
f i c u l t t o d e t e r m i n e . W h e r e d i s p l a c e m e n t o f p r i m a r y s t r a t ­
i f i c a t i o n i s l a r g e ( F i g , 1 0 a ) , t h e c r y s t a l l i n e m a s s e s a r e 
c l e a r l y d i a g e n e t i c i n o r i g i n . P e n e t r a t i o n o f e u h e d r a l 
g r a i n s i n t o l a m i n a e p r o v i d e s f u r t h e r e v i d e n c e o f a u t h i g e n i c 
c r y s t a l g r o w t h . O t h e r c r y s t a l a g g r e g a t e s ( F i g . 1 0 b ) a r e 
n o t a s e a s i l y u n d e r s t o o d a n d c o u l d r e p r e s e n t t h e a c c u m u l a ­
t i o n o f p r i m a r y p r e c i p i t a t e s , a s s u g g e s t e d b y B r a d l e y ( 1 9 3 1 , 
p . 2 6 ) , 
B i o t u r b a t i o n . T h e d i s p l a c e m e n t o r d i s r u p t i o n o f 
p r i m a r y s t r a t i f i c a t i o n b y b u r r o w i n g o r g a n i s m s o r t h e r o o t s 
o f v a s c u l a r p l a n t s i s n o t a common s e c o n d a r y s t r u c t u r e . 
B i o t u r b a t i o n w a s n o t o b s e r v e d i n o i l s h a l e a n d o n l y r a r e l y 
i n rnarlstone ( F i g . 1 1 ) . T h e s t r u c t u r e i s m o s t c o m m o n i n 
c l a y s t o n e a n d s i l t s t o n e ( F i g , 1 2 ) , B i o t u r b a t i o n i s d i f f i ­
c u l t t o d i s c r i m i n a t e f r o m m o t t l e d p r i m a r y t e x t u r e s i n 
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p o l i s h e d s l a b s . F o r b i o t u r b a t i o n t o b e i d e n t i f i e d p o s i t i v e ­
l y , t h e p r i m a r y s t r a t i f i c a t i o n m u s t b e p a r t i a l l y i n t a c t s o 
t h a t t h e p e n e t r a t i o n t r a i l o f t h e o r g a n i s m c a n b e s e e n . 
O n l y i n c l a y s t o n e a n d s i l t s t o n e a r e t r a i l s c l e a r l y v i s i b l e , 
B i o t u r b a t i o n p r o b a b l y t o o k p l a c e i n t h e s h a l l o w - w a t e r 
s e d i m e n t s a n d m u d f l a t s t h a t s u r r o u n d e d L a k e U i n t a . I n 
b e d s o f t h e s e s e t t i n g s , v a s c u l a r - p l a n t f o s s i l s , g a s t r o p o d s , 
p e l e c y p o d s a n d m a m m a l b o n e s a r e c o m m o n ( C u r r y , 1 9 5 7 ; M o u s s a , 
1 9 6 8 ) . D e p o s i t i o n o f t h e m o r e o r g a n i c - r i c h s e d i m e n t s , 
s u c h a s o i l s h a l e , o c c u r r e d u n d e r r e d u c i n g c o n d i t i o n s t h a t 
d i d n o t f a v o r t h e e x i s t e n c e o f p l a n t a n d a n i m a l l i f e . 
T h e r e f o r e , t h e p r e s e n c e o f b i o t u r b a t i o n i s a g o o d i n d i c a t o r 
o f w e l l - o x y g e n a t e d d e p o s i t i o n i n L a k e U i n t a , 
C o n t o r t i o n . C o n t o r t i o n o f s t r a t i f i c a t i o n i s a common 
s e c o n d a r y s t r u c t u r e i n t h e G r e e n R i v e r F o r m a t i o n . C o n t o r t i o n 
i s p r e s e n t i n m a n y s c a l e s r a n g i n g f r o m l a r g e , c o m p l e x l y 
f o l d e d z o n e s s e v e r a l m e t e r s t h i c k t o s m a l l f o l d z o n e s a s s o c ­
i a t e d w i t h c r y s t a l m a s s e s ( F i g s . 1 0 a , l O d ) . L a r g e - s c a l e 
c o n t o r t i o n i s m o s t a b u n d a n t i n r i c h e r o i l s h a l e s ( B r a d l e y , 
1 9 3 1 , P * 2 6 - 2 7 ) w h e r e i t i s c o m m o n l y a s s o c i a t e d w i t h l o w -
a n g l e r e v e r s e f a u l t s . B r a d l e y ( 1 9 3 1 ) s u g g e s t e d t h a t l a r g e -
s c a l e c o n t o r t i o n w a s g e n e r a t e d e i t h e r b y c o m p a c t i o n o r b y 
o v e r s t e e p e n i n g o f t h e s e d i m e n t s h o r t l y a f t e r d e p o s i t i o n . I n 
e i t h e r c a s e , t h e d e f o r m a t i o n t o o k p l a c e w h e n t h e s e d i m e n t 
w a s p l a s t i c e n o u g h t o y i e l d , w i t h o u t f r a c t u r i n g , y e t f i r m 
e n o u g h t o r e t a i n i t s f o r m a f t e r d e f o r m a t i o n . 
S m a l l - s c a l e c o n t o r t i o n o b s e r v e d i n t h e s l a b s h a s a 
m o r p h o l o g y a s c o m p l e x a s l a r g e r s c a l e c o n t o r t i o n o b s e r v e d 
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i n o u t c r o p s . S m a l l - s c a l e d e f o r m a t i o n i s g e n e r a l l y c o m p o s e d 
o f m u l t i p l e f o l d s e t s w i t h m u c h o v e r t u r n i n g a n d r e v e r s e 
f a u l t i n g ( F i g . l O d ) . An i n v e n t o r y o f t h e p o l i s h e d s l a b s 
i n d i c a t e s t h a t c o n t o r t e d s t r a t i f i c a t i o n i s p r e s e n t i n o i l 
s h a l e a n d c l a y s t o n e , b u t w a s n o t o b s e r v e d i n rnarlstone 
( F i g s , 1 1 , 1 2 ) . C o n t o r t i o n i s m o s t common i n t h e m o d e r a t e 
a n d r i c h o i l s h a l e s w h e r e i t i s a s s o c i a t e d w i t h c r y s t a l 
m a s s e s ( m o s t f r e q u e n t l y n a h c o l i t e ) , A p p a r e n t l y , s t r a t i f i c a ­
t i o n i n t h e c o n t o r t e d z o n e s w a s o r i g i n a l l y e v e n p a r a l l e l 
a n d d i s c o n t i n u o u s e v e n p a r a l l e l . 
T h e o r i g i n o f s m a l l - s c a l e c o n t o r t i o n i s r e l a t e d 
c l o s e l y t o t h e g r o w t h o f c r y s t a l m a s s e s , L o c a l e x p a n s i o n 
o f t h e c r y s t a l s p r o v i d e d t h e s t r e s s t h a t d e f o r m e d t h e 
l a m i n a t i o n . I n m o s t c o n t o r t e d z o n e s , s t r e s s e s w e r e p a r a l l e l 
t o t h e s t r a t i f i c a t i o n . T h e l a m i n a e a d j a c e n t t o a n o d u l e 
m a y b e s t r o n g l y c o n t o r t e d , w h e r e a s t h e l a m i n a e a b o v e a n d 
b e l o w a r e o n l y b u l g e d s l i g h t l y u p a n d d o w n ( F i g , 1 0 a ) , 
D i s r u p t i o n . P a r t i a l a n d t o t a l d i s r u p t i o n o f p r i m a r y 
s t r a t i f i c a t i o n i s o n e o f t h e l e a s t common s e c o n d a r y s t r u c ­
t u r e s . D i s r u p t i o n i s c o m m o n l y a s s o c i a t e d w i t h c o n t o r t i o n 
a n d c r y s t a l - g r o w t h s e c o n d a r y s t r u c t u r e s . M o s t d i s r u p t i v e 
t e x t u r e s c o n s i s t o f d i s c o n t i n u o u s p l a t y f r a g m e n t s t h a t a r e 
f r e q u e n t l y d i s p l a c e d b y f a u l t s a n d c r y s t a l m a s s e s ( F i g . 1 0 e ) , 
D i s r u p t i o n i s a l s o p r o d u c e d b y i n j e c t i o n o f t u f f a c e o u s m a t ­
e r i a l i n t o o i l s h a l e ( F i g , 1 0 f ) , M a r l s t o n e a n d l o w - t o 
m o d e r a t e - g r a d e o i l s h a l e a r e t h e o n l y i i t h o l o g i e s t h a t 
e x h i b i t a s x r o n g l y d i s r u p t e d t e x t u r e ( F i g , 1 1 ) , 
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D i s r u p t i o n i s m o s t common i n t h e u p p e r o n e - h a l f o f 
t h e P a r a c h u t e C r e e k M e m b e r . T h e s t r u c t u r e i s m o r e a b u n ­
d a n t w h e r e d i s c o n t i n u o u s a n d b r e c c i a t e d s t r a t i f i c a t i o n i s 
d o m i n a n t a n d l a r g e c a v i t i e s a r e p r e s e n t . T h i s s u g g e s t s 
t h a t d i s r u p t i o n i s a i d e d b y s u b a e r i a i d e s s i c c a t i o n . 
S u m m a r y o f S t r u c t u r e V a r i a t i o n i n 
t h e G r e e n R i v e r F o r m a t i o n 
I n a d d i t i o n t o t h e d e v e l o p m e n t o f a d e s c r i p t i v e n o m e n ­
c l a t u r e a n d c l a s s i f i c a t i o n f o r t h e f i n e - g r a i n e d r o c k s o f 
t h e G r e e n R i v e r F o r m a t i o n , a q u a n t i t a t i v e e v a l u a t i o n o f 
p r i m a r y a n d s e c o n d a r y s t r u c t u r e d i s t r i b u t i o n i n t h e v a r i o u s 
l i t h o l o g i e s w a s c o m p l e t e d . R e f e r e n c e s t o t h i s q u a n t i f i c a ­
t i o n h a v e b e e n m a d e f r e q u e n t l y i n t h e p r e c e d i n g s e c t i o n s 
( i . e . , F i g s . 1 1 , 1 2 ) . 
T h e s a m p l e s t h a t w e r e u s e d a r e f r o m m e a s u r e d s e c t i o n s 
a t D o u g l a s P a s s , M o u n t L o g a n a n d R i o B l a n c o ( F i g . 1 ) . No 
s a m p l e s w e r e e x a m i n e d f r o m t h e U i n t a B a s i n f o r t h e q u a n t i t a ­
t i v e s t u d y . T h e s u i t e o f s a m p l e s r e p r e s e n t s e v e r y m a j o r 
l i t h o l o g i c z o n e e n c o u n t e r e d i n t h e m e a s u r e d s e c t i o n s . T a b l e 
1 l i s t s t h e s a m p l e t y p e s f r o m e a c h m e a s u r e d s e c t i o n . 
I n m o s t s l a b s , m o r e t h a n o n e s t r a t i f i c a t i o n ' t y p e o r 
s e c o n d a r y s t r u c t u r e i s p r e s e n t . E a c h o b s e r v a t i o n w a s n o t e d , 
a n d , i n t o t a l , 5 2 8 o c c u r r e n c e s o f t h e 1 3 p r i m a r y s t r a t i f i c a ­
t i o n t y p e s ( F i g . 6 ) a n d 3 3 ^ o c c u r r e n c e s o f t h e 6 s e c o n d a r y 
s t r u c t u r e s w e r e c o u n t e d . T h e f r e q u e n c y o f o c c u r r e n c e o f 
e a c h s t r u c t u r a l t y p e a n d s e c o n d a r y s t r u c t u r e w a s c a l c u l a t e d 
( i n p e r c e n t ) f o r e a c h l i t h o l o g y ( F i g s , 1 1 , 1 2 ) . 
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An i n h e r e n t p r o b l e m i n a s t u d y s u c h a s t h i s i s t h a t 
t h e s t r a t i f i c a t i o n t y p e s o b s e r v e d i n a p o l i s h e d s l a b m a y 
n o t b e r e p r e s e n t a t i v e o f t h e p a r t i c u l a r o u t c r o p h o r i z o n 
f r o m w h i c h t h e s a m p l e c a m e ; t h e s l a b c a n b e h e l d i n t h e 
h a n d , b u t t h e s a m p l e h o r i z o n e x t e n d s f o r m a n y m i l e s . T o 
r e c o n c i l e t h i s ' s c a l e 1 p r o b l e m a n a t t e m p t w a s m a d e i n t h e 
f i e l d t o t r a c e s e v e r a l s a m p l e h o r i z o n s t o d e t e r m i n e i f 
s t r a t i f i c a t i o n t y p e s a n d s e c o n d a r y s t r u c t u r e s c h a n g e d 
l a t e r a l l y . F r o m w h a t c o u l d b e o b s e r v e d o n w e a t h e r e d s u r ­
f a c e s , i t w a s e v i d e n t t h a t s t r a t i f i c a t i o n t y p e s a r e u n i f o r m 
f o r l o n g d i s t a n c e s . T h e s e c o n d a r y s t r u c t u r e s , h o w e v e r , 
t e n d e d t o v a r y . T h i s i s p a r t i c u l a r l y t r u e f o r l o o p s t r u c ­
t u r e , f a u l t d i s p l a c e m e n t , c o n t o r t i o n a n d d i s r u p t i o n i n o i l 
s h a l e . C u r r y ( 1 9 . 6 4 ) a n d T r u d e l l a n d o t h e r s ( 1 9 7 0 ) a l s o 
r e p o r t t h a t s t r a t i f i c a t i o n d e t a i l s a r e c o r r e l a t i v e f o r 
m a n y m i l e s i n t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s . T h e r e 
a r e p l a c e s i n t h e P a r a c h u t e C r e e k M e m b e r , h o w e v e r , w h e r e 
l a t e r a l p e r s i s t e n c e o f s t r a t i f i c a t i o n d o e s n o t o c c u r . 
T o w a r d s t h e t o p o f t h e m e m b e r , f o r e x a m p l e , l e n s e s o f s t r u c ­
t u r e l e s s o r b r e c c i a t e d , r i c h o i l s h a l e a r e e n c l o s e d i n a 
m a t r i x o f b e t t e r l a m i n a t e d o i l s h a l e a n d rnarlstone. 
S t r u c t u r e v a r i a t i o n i n 
rnarlstone a n d o i l s h a l e 
O i l s h a l e a n d rnarlstone s h o w l e s s d i v e r s i t y i n t h e 
p r i m a r y a n d s e c o n d a r y s t r a t i f i c a t i o n t y p e s t h a n c a r b o n a t e 
a n d t e r r i g e n o u s r o c k s ( F i g s . 1 1 , 1 2 ) , T h e d i s t r i b u t i o n o f 
s t r u c t u r e s i n o i l s h a l e and. rnarlstone ( F i g . 1 1 ) c a n b e s u m ­
m a r i z e d a s f o l l o w s . 
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1 . O i l s h a l e a n d rnarlstone a r e d o m i n a t e d b y e v e n 
p a r a l l e l , d i s c o n t i n u o u s e v e n p a r a l l e l , w a v y p a r a l l e l a n d 
n o n p a r a l l e l , a n d d i s c o n t i n u o u s w a v y p a r a l l e l s t r a t i f i c a t i o n 
t y p e s ( c l a s s e s 1 , 2 , 3 a n d 4 j F i g . 6 ) , M a r l s t o n e h a s a 
h i g h e r f r e q u e n c y o f o c c u r r e n c e o f s t r u c t u r e l e s s a n d m o t t l e d 
s t r a t i f i c a t i o n . T h e o t h e r p r i m a r y s t r a t i f i c a t i o n t y p e s 
a r e r a r e o r a b s e n t . 
2 . A s o r g a n i c m a t t e r i n c r e a s e s i n rnarlstone a n d o i l 
s h a l e , e v e n p a r a l l e l s t r a t i f i c a t i o n a n d w a v y p a r a l l e l a n d 
n o n p a r a l l e l s t r a t i f i c a t i o n t y p e s i n c r e a s e , T h u s , r i c h o i l 
s h a l e i s c h a r a c t e r i z e d b y d i s c o n t i n u o u s s t r a t i f i c a t i o n a n d 
t h e l o w e r g r a d e s o f o i l s h a l e a n d m a r l s t o n e a r e c h a r a c t e r ­
i z e d b y c o n t i n u o u s s t r a t i f i c a t i o n , 
3 . O i l s h a l e a n d m a r l s t o n e a r e d o m i n a t e d b y l o o p 
s t r u c t u r e , f a u l t d i s p l a c e m e n t a n d c r y s t a l - g r o w t h s e c o n d a r y 
s t r u c t u r e s ( c l a s s e s A , B a n d C | F i g . 6 ) , T h e o t h e r t h r e e 
c l a s s e s a r e m u c h l e s s a b u n d a n t a n d h a v e a n o n s y s t e m a t i c 
d i s t r i b u t i o n . B i o t u r b a t i o n i s n o t p r e s e n t i n o i l s h a l e , 
4 . T h e f r e q u e n c y o f o c c u r r e n c e o f f a u l t s a n d l o o p s 
d e c r e a s e s w i t h i n c r e a s i n g o r g a n i c m a t t e r i n o i l s h a l e a n d 
c r y s t a l - g r o w t h i n c r e a s e s . T h u s , l o w - t o m o d e r a t e - g r a d e 
o i l s h a l e a n d m a r l s t o n e a r e c h a r a c t e r i z e d b y l o o p a n d f a u l t 
s e c o n d a r y s t r u c t u r e s a n d t h e r i c h e r o i l s h a l e i s c h a r a c t e r ­
i z e d b y c r y s t a l - g r o w t h d i s t u r b a n c e . 
S t r u c t u r e v a r i a t i o n i n c a r b o n a t e 
a n d t e r r i g e n o u s r o c k s 
T h e s l a b s c o m p o s e d o f a l g a l c a r b o n a t e , o o l i t e , p i s o l i t e , 
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o s t r a c o d a l l i m e s t o n e , i n t r a c l a s t i c l i m e s t o n e , m i c r i t e , 
s a n d y a n d s i l t y s p a r i t e , s a n d s t o n e , s i l t s t o n e , c l a y s t o n e 
a n d m u d s t o n e h a v e a w i d e d i s t r i b u t i o n o f p r i m a r y a n d s e c ­
o n d a r y s t r u c t u r e s ( F i g . 1 2 ) . T h e s e r o c k s a r e f r o m t h e 
D o u g l a s C r e e k a n d G a r d e n G u l c h M e m b e r s a t D o u g l a s P a s s , 
C o l o r a d o . T h e d i s t r i b u t i o n o f s t r u c t u r e s i n t h e s e r o c k s 
( F i g . 1 2 ) i s s u m m a r i z e d a s f o l l o w s . 
1 . N o n - o i l s h a l e l i t h o l o g i e s d i s p l a y o n l y m i n o r s e c ­
o n d a r y s t r u c t u r e s , a s d e f i n e d f o r t h i s s t u d y . 
2 . T h e f i r s t f o u r p r i m a r y s t r a t i f i c a t i o n t y p e s t h a t 
a r e t h e m o s t c o m m o n i n o i l s h a l e a n d m a r l s t o n e ( F i g . 1 1 ) 
a r e r e l a t i v e l y u n c o m m o n i n c a r b o n a t e a n d s a n d s t o n e , a n d a r e 
m o d e r a t e l y c o m m o n i n t h e f i n e - g r a i n e d t e r r i g e n o u s r o c k s . 
3 . T h e d o m i n a n t s t r a t i f i c a t i o n t y p e i n c a r b o n a t e i s 
a l g a l . S t r u c t u r e l e s s i s s e c o n d a n d i s m o s t a b u n d a n t i n 
m i c r i t e . G r a d e d s t r a t i f i c a t i o n i s m o s t f r e q u e n t i n o o l i t e -
p i s o l i t e s e q u e n c e s a n d s a n d y a n d s i l t y s p a r i t e . C u r v e d n o n -
p a r a l l e l s t r a t i f i c a t i o n i s r e s t r i c t e d t o s a n d y a n d s i l t y 
s p a r i t e a n d f i n e - g r a i n e d a l l o c h e m i c a l r o c k s , 
4 . C u r v e d n o n p a r a l l e l s t r a t i f i c a t i o n i s common i n 
m i c r o - c r o s s - s t r a t i f i e d s a n d y s p a r i t e o r s p a r r y s a n d s t o n e . 
M o t t l e d s t r a t i f i c a t i o n i n s a n d s t o n e i s p r e s e n t o n l y in-
t h i n s a n d s t o n e b o d i e s t h a t h a v e i n d i s t i n c t u p p e r a n d l o w e r 
c o n t a c t s . O t h e r s a n d s t o n e i s s t r u c t u r e l e s s , 
5 . S i l t s t o n e a n d c l a y s t o n e h a v e a m o r e o r l e s s u n i ­
f o r m d i s t r i b u t i o n o f t h e m a i n s t r a t i f i c a t i o n t y p e s , a n d i a . c k 
a l g a l a n d g r a d e d t y p e s . S o m e o f t h e s e r o c k s a r e d i f f i c u l t 
t o d i s t i n g u i s h f r o m m a r l s t o n e . 
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6 1 
6 , S e c o n d a r y s t r u c t u r e s i n s i l t s t o n e a n d c l a y s t o n e 
h a v e t h e f i r s t f i v e c l a s s e s r e p r e s e n t e d . C r y s t a l - g r o w t h 
d i s t u r b a n c e ( i r o n s u l f i d e s m o s t l y ) i s m o s t common and . b i o ­
t u r b a t i o n i s s e c o n d i n a b u n d a n c e . L o o p s t r u c t u r e a n d 
f a u l t d i s p l a c e m e n t w e r e o b s e r v e d o n l y i n a n a l c i m e - r i c h 
c l a y s t o n e a n d s i l t s t o n e t h a t h a v e d i s t i n c t h o r i z o n t a l 
s t r a t i f i c a t i o n , 
S t r u c t u r e v a r i a t i o n i n t h e m e m b e r s 
o f t h e G r e e n R i v e r F o r m a t i o n 
S i n c e t h e P a r a c h u t e C r e e k M e m b e r i s m o s t l y o i l s h a l e 
a n d t h e D o u g l a s C r e e k a n d G a r d e n G u l c h M e m b e r s h a v e l i t t l e 
o i l s h a l e , t h e v a r i a t i o n i n p r i m a r y a n d s e c o n d a r y s t r u c t u r e 
d i s t r i b u t i o n i n t h e m e m b e r s o f t h e G r e e n R i v e r F o r m a t i o n i s 
s i m i l a r t o t h e v a r i a t i o n i n t h e o i l s h a l e a n d n o n - o i l 
s h a l e r o c k s ( F i g s , 1 1 , 1 2 ) , T h e d i s t r i b u t i o n i n t h e m e m ­
b e r s ( F i g . 1 3 ) i s s u m m a r i z e d b e l o w , 
1 . T h e P a r a c h u t e C r e e k M e m b e r i s d o m i n a t e d b y d i s c o n ­
t i n u o u s e v e n p a r a l l e l a n d e v e n p a r a l l e l s t r a t i f i c a t i o n . 
T h i s r e f l e c t s t h e h i g h o i l - s h a l e c o n t e n t o f t h i s m e m b e r . 
T h e o t h e r c l a s s e s a r e r e l a t i v e l y m i n o r . 
2 . T h e P a r a c h u t e C r e e k M e m b e r i s d o m i n a t e d b y c r y s t a l 
g r o w t h d i s r u p t i o n , l o o p s t r u c t u r e a n d f a u l t d i s p l a c e m e n t . 
T h e o t h e r c l a s s e s a r e m i n o r , 
3 . T h e r o c k s f r o m t h e D o u g l a s C r e e k a n d G a r d e n G u l c h 
M e m b e r s a r e d o m i n a t e d b y a l g a l s t r a t i f i c a t i o n . T h e o t h e r 
c l a s s e s , e x c e p t b r e c c i a t e d s t r a t i f i c a t i o n , a r e a l s o c o m m o n . 
T h e w i d e d i s t r i b u t i o n o f m o s t o f t h e p r i m a r y c l a s s e s i s a 
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Figure 13. Stratifica tion type ~1d seco dary structure is-
tribution in the embers of the G e en River . 
6 3 
r e f l e c t i o n o f t h e d i v e r s e l i t h o l o g y o f t h e D o u g l a s C r e e k 
a n d G a r d e n G u l c h M e m b e r s . 
k, S e c o n d a r y s t r u c t u r e d i s t r i b u t i o n i n t h e D o u g l a s 
C r e e k a n d G a r d e n G u l c h M e m b e r s i s w i d e , a n d a l l s i x 
c l a s s e s ( F i g . 6 ) a r e r e p r e s e n t e d . C r y s t a l - g r o w t h d i s ­
r u p t i o n , f a u l t d i s p l a c e m e n t a n d l o o p s t r u c t u r e a r e t h e m o s t 
c o m m o n t y p e s . T h i s i s a l s o a r e f l e c t i o n o f t h e d i v e r s i t y 
o f r o c k t y p e s i n t h e s e m e m b e r s . 
S t r u c t u r e v a r i a t i o n t h r o u g h 
t h e P a r a c h u t e C r e e k M e m b e r 
P r e c e d i n g s e c t i o n s h a v e d e m o n s t r a t e d t h a t t h e r e i s a 
v a r i a t i o n i n p r i m a r y a n d s e c o n d a r y s t r u c t u r e d i s t r i b u t i o n 
i n o i l s h a l e a n d m a r l s t o n e . I f s t r u c t u r e d i s t r i b u t i o n 
c a n c h a n g e w i t h l i t h o l o g y , t h e n i t i s p o s s i b l e t h a t t h e 
d i s t r i b u t i o n m i g h t c h a n g e w i t h i n a m e m b e r o v e r a g i v e n 
s t r a t i g r a p h i c r a n g e . T o t e s t t h i s i d e a , t h e P a r a c h u t e 
C r e e k M e m b e r i n t h e M o u n t L o g a n s e c t i o n ( F i g . 4 0 ) w a s 
d i v i d e d i n t o f o u r e q u a l s e g m e n t s a n d t h e f r e q u e n c y o f 
o c c u r r e n c e o f e a c h p r i m a r y a n d s e c o n d a r y s t r u c t u r e t y p e i n 
e a c h q u a r t e r w a s c a l c u l a t e d . T h e f r e q u e n c y o f o c c u r r e n c e 
o f o i l s h a l e t y p e s w a s a l s o c a l c u l a t e d , ^ h e r e s u l t s a r e 
s h e w n i n F i g u r e Ik, T h e h o r i z o n t a l l i n e s l a b e l e d 1 / 4 , 1 / 2 , 
3 / 4 a n d 1 r e p r e s e n t t h e f r e q u e n c y c a l c u l a t i o n s f o r e a c h 
q u a r t e r . T h e M a h o g a n y m a r k e r i n t h e M o u n t L o g a n s e c t i o n 
o c c u r r e d n e a r t h e t o p o f t h e f i r s t q u a r t e r a n d i s p l a c e d 
o n F i g u r e 1 4 f o r r e f e r e n c e . A l a r g e c a v i t y z o n e w i t h a b u n ­
d a n t s a l i n e m i n e r a l s a n d c a s t s o c c u r s n e a r t h e t o p o f t h e 
m e m b e r , a n d i s a l s o p l a c e d o n t h e i l l u s t r a t i o n f o r r e f e r e n c e , 
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N u m b e r s a n d l e t t e r s a r e t h e s a m e a s i n t h e p r e c e d i n g 
h i s t o g r a m s a n d i n F i g u r e 6 . T h e r e s u l t s o f t h e s t u d y 
a r e . 
1 . T h e f r e q u e n c y o f o c c u r r e n c e o f r i c h - a n d l o w - g r a d e 
o i l s h a l e i n c r e a s e s u p w a r d t h r o u g h t h e s e c t i o n a n d t h e 
f r e q u e n c y o f m o d e r a t e - g r a d e o i l s h a l e d e c r e a s e s . T h e 
a p p a r e n t i n c r e a s e i n r i c h o i l s h a l e m a y b e c a u s e d b y a 
s a m p l i n g p r o b l e m . I n t h e u p p e r q u a r t e r o f t h e m e m b e r , t h e 
l e a n e r g r a d e s o f o i l s h a l e d o n o t f o r m c o n s p i c u o u s o u t c r o p s 
a n d t h e r i c h e r g r a d e s d o j t h e r e f o r e , r i c h o i l s h a l e w a s 
e a s i e r t o f i n d a n d s a m p l e . M o d e r a t e - g r a d e o i l s h a l e i s m o s t 
a b u n d a n t i n t h e s e c o n d q u a r t e r , a n d l o w - a n d r i c h - g r a d e 
o i l s h a l e i s l e a s t a b u n d a n t . T h i s i n t e r v a l r o u g h l y c o i n ­
c i d e s w i t h t h e e x t e n t o f t h e M a h o g a n y l e d g e . 
2 . E v e n p a r a l l e l , w a v y p a r a l l e l , a n d w a v y n o n p a r a l l e l 
s t r a t i f i c a t i o n t y p e s d e c r e a s e i n f r e q u e n c y o f o c c u r r e n c e 
u p w a r d t h r o u g h t h e P a r a c h u t e G r e e k M e m b e r , a n d t h e f r e q u e n ­
c i e s o f o c c u r r e n c e o f d i s c o n t i n u o u s e v e n p a r a l l e l a n d d i s ­
c o n t i n u o u s w a v y p a r a l l e l - n o n p a r a l l e l t y p e s c o r r e s p o n d i n g l y 
i n c r e a s e . T h e o t h e r c l a s s e s r e m a i n a b o u t t h e s a m e t h r o u g h ­
o u t t h e e n t i r e s t r a t i g r a p h i c r a n g e ( a b o u t 8 0 m ) , 
3 . T h e f r e q u e n c y o f o c c u r r e n c e o f l o o p a n d f a u l t 
s e c o n d a r y s t r u c t u r e s d e c r e a s e s u p w a r d t h r o u g h t h e P a r a c h u t e 
C r e e k M e m b e r a n d t h e f r e q u e n c y o f c r y s t a l - g r o w t h d i s r u p t i o n 
i n c r e a s e s d r a m a t i c a l l y , e s p e c i a l l y i n t h e t o p q u a r t e r o f 
t h e s e c t i o n w h e r e t h e l a r g e - c a v i t y z o n e o c c u r s . 
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C o n c l u s i o n s 
T h e c l a s s i f i c a t i o n s c h e m e f o r p r i m a r y s t r a t i f i c a t i o n 
t y p e s a n d s e c o n d a r y s t r u c t u r e s i n t h e f i n e - g r a i n e d r o c k s 
o f t h e G r e e n R i v e r F o r m a t i o n p r o v i d e s a s y s t e m a t i c m e t h o d 
f o r t h e d e s c r i p t i o n o f s t r a t i f i c a t i o n c h a r a c t e r i s t i c s o f 
t h e s e r o c k s , T h e c l a s s i f i c a t i o n c o n s i s t s o f 1 3 p r i m a r y 
g e o m e t r i e s o f e x t e r n a l a n d i n t e r n a l s t r a t i f i c a t i o n a n d 6 
s e c o n d a r y c l a s s e s o f " b e d d i n g p l a n e f e a t u r e s a n d d e f o r m a t i o n 
s t r u c t u r e s . 
T h e c l a s s i f i c a t i o n i s u s e f u l f o r q u a n t i t a t i v e s t u d y 
o f s t r a t i f i c a t i o n c h a r a c t e r i s t i c s o f t h e G r e e n R i v e r F o r ­
m a t i o n , Q u a n t i t a t i v e a n a l y s i s o f s t r a t i f i c a t i o n v a r i a t i o n 
p r o v i d e s c o n s i d e r a b l e i n f o r m a t i o n a b o u t d e p o s i t i o n a l e n v i r ­
o n m e n t s d u r i n g G r e e n R i v e r t i m e , e s p e c i a l l y f o r t h e P a r a ­
c h u t e C r e e k M e m b e r , A n a l y s i s o f s t r a t i f i c a t i o n a n d s t r a t ­
i f i c a t i o n d i s t u r b a n c e a l s o y i e l d s s u p p l e m e n t a l i n f o r m a t i o n , 
t h a t i s h e l p f u l i n t h e i n t e r p r e t a t i o n o f o t h e r i n d e p e n d e n t 
g e o c h e m i c a l s t u d i e s a n d i n s t r a t i g r a p h i c c o r r e l a t i o n s . 
I n g e n e r a l , t h e r i c h e r g r a d e s o f o i l s h a l e , a n d a l s o 
t h e b u l k o f t h e o i l s h a l e i n t h e u p p e r m o s t P a r a c h u t e C r e e k 
M e m b e r , a r e c h a r a c t e r i z e d , b y d i s c o n t i n u o u s s t r a t i f i c a t i o n 
t y p e s a n d d i s r u p t i v e s e c o n d a r y s t r u c t u r e s s u c h a s t h e 
g r o w t h o f c r y s t a l l i n e m a s s e s . L o w e r g r a d e s o f o i l s h a l e 
a n d m a r l s t o n e , a n d t h e b u l k o f t h e P a r a c h u t e C r e e k M e m b e r 
c o n t a i n m o r e c o n t i n u o u s , r h y t h m i c s t r a t i f i c a t i o n a n d a 
h i g h e r i n c i d e n c e o f l o o p s t r u c t u r e a n d f a u l t d i s p l a c e m e n t . 
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C a r b o n a t e a n d t e r r i g e n o u s r o c k s o f t h e G r e e n R i v e r 
F o r m a t i o n d i s p l a y a w i d e d i s t r i b u t i o n o f t h e 1 3 p r i m a r y 
s t r a t i f i c a t i o n t y p e s . A l g a l s t r a t i f i c a t i o n i s m o s t a b u n ­
d a n t i n s h a l l o w - w a t e r l a c u s t r i n e c a r b o n a t e . S e c o n d a r y 
s t r u c t u r e s a r e r a r e i n t e r r i g e n o u s o r c a r b o n a t e r o c k s . 
T h e p r e s e n c e o f d i s c o n t i n u o u s t y p e s o f s t r a t i f i c a t i o n 
a n d b r e c c i a t e d t e x t u r e s i n o i l s h a l e i s a n i n d i c a t o r o f 
r e s t r i c t e d , s h a l l o w - w a t e r l a c u s t r i n e d e p o s i t i o n a n d p e r i o d i 
s u b a e r i a i e x p o s u r e . P r e s e n c e o f l a t e r a l l y c o n t i n u o u s , 
r h y t h m i c s t r a t i f i c a t i o n ( v a r v e s ) i s s u g g e s t i v e o f d e e p -
w a t e r l a c u s t r i n e d e p o s i t i o n ( b e l o w w a v e b a s e ) i n a s t r a t i f i 
e d l a k e . S t u d y o f t h e P a r a c h u t e C r e e k M e m b e r i n t h e 
P i c e a n c e C r e e k B a s i n i n d i c a t e s t h a t m o s t o f t h e d e p o s i t i o n 
o f t h i s m e m b e r w a s u n d e r m e r o m i c t i c c o n d i t i o n s . H o w e v e r , 
t o w a r d s t h e e n d o f P a r a c h u t e C r e e k t i m e , t h e w a t e r b u d g e t 
o f L a k e U i n t a d e c r e a s e d , m e r o m i x i s b e c a m e u n s t a b l e , a n d 
s h a l l o w - w a t e r l a c u s t r i n e d e p o s i t i o n w a s i n i t i a t e d . 
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CHAPTER 3 
SULFUR ISOTOPE GEOCHEMISTRY 
I n t r o d u c t i o n 
G e n e r a l s t a t e m e n t 
S u l f u r i s c o m p o s e d o f f o u r n a t u r a l l y o c c u r r i n g 
i s o t o p e s * 3 2 S , 3 3 s > 3 ^ s a n d 3 6 3 ( A s t o r i f 1 9 3 3 . N i e r , 1 9 3 8 ) . 
T h e r e l a t i v e a b u n d a n c i e s o f t h e s e i s o t o p e s a r e ( M a c n a m a r a 
a n d T h o d e , 1 9 5 0 ; R a n k a m a , 1 9 ^ 3 ; H o e f s , 1 9 7 3 ) » 
^
2 S 9 5 . 0 2 t o 9 5 . 0 0 p e r c e n t 
3 3 S 0 . 7 5 t o 0 . 7 6 
^ S 4 , 2 1 t o 4 . 2 2 
3 6 Q 0 . 0 2 t o 0 . 0 1 
F r o m t h e s e p e r c e n t a g e s , i t i s e v i d e n t t h a t ^ 2 S a n d - ^ S a r e 
m o s t a b u n d a n t , a n d , t h e r e f o r e , a r e t h e t w o s p e c i e s m o s t 
e a s i l y d e t e c t e d b v m a s s s p e c t r o m e t e r . 
I s o t o p e d a t a a r e c o n v e n t i o n a l l y r e p o r t e d a s 6 ( d e l t a ) 
3 4 
v a l u e s . F o r s u l f u r , 6 J S i s c a l c u l a t e d b y t h e e q u a t i o n * 
6 3 i f S ( % o ) = R s w l e ~ S t a n d a r d .
 1 0 0 0 
^ s t a n d a r d 
 J
 S  CHEMIST
i  
al s t  
l   s  f  t rall  occurri
es, J2s , JJS , J4S a d J S ( ston, JJ; ier, J . 
 l ti e ancies f  topes  ( acna r
  , , 6J, f , 1 .
J S 
. 0    per e t
JJs   0.7 • 
J4S .   4. • 
J S   0.01 • 
  ,     3   J4  are
 ,   t    i  
i   h   spectrometer
   l     (delta)
values, For sulfur, () 3 S is calculated by the equation I 
R - R sample s tandard 
Rs  
. 100  = 
6 9 
w h s r e R i s - ^ S / - ^ S . T h e 6 ^ i 5 v a l u e r e p r e s e n t s t h e d e v i a -
Ofc "JO 
t i o n i n p a r t s p e r t h o u s a n d ( p e r m i l s ) o f J S/J S i n a s a m ­
p l e f r o m a s t a n d a r d . T h e u n i v e r s a l s t a n d a r d f o r s u l f u r 
i s t h e C a n o n D i a b l o t r o i l i t e ( F e S ) w h i c h h a s a J S/J S 
r a t i o o f 0 . 0 ^ 5 0 0 k 5 ( J e n s e n a n d N a k a i , 1 9 6 3 ) . I t s h o u l d b e 
n o t e d t h a t i f t h e - ^ S / ^ 2 S r a t i o o f a s a m p l e i s g r e a t e r t h a n 
t h e ^ S > / ^ 2 S r a t i o o f t h e s t a n d a r d , t h e r e s u l t i n g p e r m i l 
v a l u e , c a l c u l a t e d b y t h e a b o v e e q u a t i o n , i s a p o s i t i v e (•*•) 
n u m b e r . I f t h e r a t i o o f t h e s a m p l e i s l e s s t h a n t h e s t a n ­
d a r d , t h e p e r m i l v a l u e i s a n e g a t i v e ( - ) n u m b e r . A m o r e 
c o m p l e t e e x p l a n a t i o n o f t h e c a l c u l a t i o n o f p e r m i l v a l u e s 
f r o m r a w m a s s - s p e c t r o m e t e r d a t a i s g i v e n i n A p p e n d i x 3 . 
F r a c t i o n a t i o n o f s u l f u r i s o t o p e s 
M a n y g e o c h e m i c a l r e a c t i o n s p r o d u c e a r e d i s t r i b u t i o n 
o f t h e i s o t o p i c s p e c i e s o f a n e l e m e n t a m o n g t h e p r o d u c t s 
a n d t h e r e a c t a n t s . T h i s p a r t i t i o n i n g o f i s o t o p e s b e t w e e n 
t w o s u b s t a n c e s c a u s i n g t h e m t o h a v e d i f f e r e n t - S / - ' S r a t i o 
i s c a l l e d i s o t o p e f r a c t i o n a t i o n . T h e s t u d y o f i s o t o p i c 
f r a c t i o n a t i o n i s t h e m o s t i m p o r t a n t a s p e c t o f s t a b l e i s o ­
t o p e g e o c h e m i s t r y . I n g e n e r a l , t h e m a t h e m a t i c a l t r e a t m e n t 
o f i s o t o p i c f r a c t i o n a t i o n i s d e t a i l e d . I t i s n o t t h e 
p u r p o s e o f t h i s s t u d y t o d i s c u s s t h e s e d e r i v a t i o n s c o m ­
p l e t e l y . I n s t e a d , a b r i e f s u m m a r y i s g i v e n . 
I s o t o p e e f f e c t s . F o r t h e m o s t p a r t , t h e e x t e r n a l e l e c 
t r o n c o n f i g u r a t i o n o f a n e l e m e n t d e t e r m i n e s i t s c h e m i c a l 
b e h a v i o r a n d t h e n u c l e u s d e t e r m i n e s i t s p h y s i c a l c h a r a c t e r ­
i s t i c s . A l t h o u g h i s o t o p e s o f a n e l e m e n t h a v e t h e s a m e 
 
e    34 32 .  34   s n  d ia-
tion in parts per thousand (pe rmils) of J4S/J2s in a sare-
ple from a standard. The universal sta.i"ldard for sulfur 
is the Canon Diablo troilite (FeS) whieh has a J4S/J2s 
ratio of 0.0450045 (Jensen and Nakai, 196J) . It sheuld be 
noted that if the J4S/J2s ratio of a sample is greater than 
the J4S/J2s ratio of the standard , the resulting permil 
value, calculated by the above equation, i s a positive (+) 
number. If the ratio of the sample i s "less than the stan-
dard, the permil value is . a negative (-) number. A more 
complete exploo1ation of the calculation of permil values 
from raw mass-spectrometer data is given in Appendix J. 
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e l e c t r o n a r r a n g e m e n t a n d n u m b e r , t h e m a s s d i f f e r e n c e i n t h e 
n u c l e u s , b e c a u s e o f t h e d i f f e r e n c e i n t h e n u m b e r o f n e u t r o n s 
c a n p r o d u c e p h y s i c a l d i f f e r e n c e s b e t w e e n i s o t o p i c s p e c i e s . 
T h e s e d i f f e r e n c e s a r e m a n i f e s t e d i n t h e d e n s i t y , m o l a r 
v o l u m e , m e l t i n g p o i n t , b o i l i n g p o i n t , v a p o r p r e s s u r e a n d 
v i s c o s i t y o f t h e c o m p o u n d s o f w h i c h t h e i s o t o p e s a r e a p a r t . 
T h e s e m a s s e f f e c t s a r e m o s t p r o n o u n c e d i n t h e l i g h t e r 
e l e m e n t s ( H o e f s , 1 9 7 3 ) . 
T h e Q u a n t u m t h e o r y i s t h e t h e o r e t i c a l b a s i s o f i s o t o p e 
e f f e c t s a n d t h e r e s u l t i n g i s o t o p i c f r a c t i o n a t i o n s ( U r e y , 
1 9 ^ 7 ? B i g e l e i s e n a n d M a y e r , 1 9 ^ 7 ; T u d g e a n d T h o d e , 1 9 5 1 ? 
B i g e l e i s e n a n d W o l f s b e r g , 1 9 5 8 j A u l t , 1 9 5 7 ? M e l a n d e r , i 9 6 0 ; 
B a c h i n s k i , 1 9 6 9 » T h o d e , 1 9 7 0 ) . Q u a n t u m t h e o r y p r e d i c t s 
t h a t t h e e n e r g y o f a d i a t o m i c m o l e c u l e c a n b e d e s c r i b e d i n 
t e r m s o f i t s e l e c t r o n i c , t r a n s l a t i o n a l , r o t a t i o n a l , a n d 
v i b r a t i o n a l e n e r g i e s . I n g e n e r a l , i s o t o p e s o f t h e s a m e 
e l e m e n t h a v e s i m i l a r e l e c t r o n i c , t r a n s l a t i o n a l , a n d r o t a t i o n 
a l e n e r g i e s . T h u s , t h e d i f f e r e n c e i n t h e t o t a l e n e r g y o f 
i s o t o p i c s p e c i e s i s b e c a u s e o f d i f f e r e n c e s i n m o l e c u l a r 
v i b r a t i o n s . 
T h e v i b r a t i o n a l f r e q u e n c y o f a m o l e c u l e i s i n v e r s e l y 
p r o p o r t i o n a l t o t h e m a s s e s o f t h e a t o m s i n t h e m o l e c u l e . 
S i n c e t h e v i b r a t i o n a l f r e q u e n c y s t r o n g l y c o n t r o l s t h e b o n d ­
i n g i n t h e m o l e c u l e , m o l e c u l e s w i t h h e a v i e r i s o t o p e s ( g r e a t ­
e r n u m b e r o f n e u t r o n s ) w i l l b e m o r e s t r o n g l y b o n d e d t h a n 
t h o s e c o n t a i n i n g l i g h t e r i s o t o p e s . T h u s , i n a c h e m i c a l 
r e a c t i o n , m o l e c u l e s w i t h l i g h t e r i s o t o p e s o f a g i v e n 
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e l e m e n t a . r e m o r e e a s i l y b r o k e n t h a n t h o s e w i t h h e a v i e r i s o ­
t o p e s , a n d t h e p r o d u c t s o f t h e r e a c t i o n w i l l b e c o m e e n r i c h e d 
i n t h e l i g h t e r i s o t o p e s . 
T h e r e a r e t w o m a i n t y p e s o f r e a c t i o n s t h a t p r o d u c e 
s u l f u r - i s o t o p e f r a c t i o n a t i o n ( K o e f s , 1 9 7 3 t p . 3 * 0 * 1 ) k i n e t 
i c r e a c t i o n s , s u c h a s t h e b a c t e r i a l r e d u c t i o n o f s u l f a t e ? 
a n d 2 ) c h e m i c a l e x c h a n g e r e a c t i o n s . I n s e d i m e n t a r y e n v i r o n ­
m e n t s , i s o t o p i c f r a c t i o n a t i o n i s p r o d u c e d m a i n l y b y k i n e t i c 
r e a c t i o n s ( R a n k a m a , 1 9 6 3 ; S a n g s t e r , 1 9 6 8 ; H o e f s , 1 9 7 3 ? 
R e e s , 1 9 7 3 ) . B i o g e n i c f r a c t i o n a t i o n h a s b e e n u s e d i n t h e 
i n t e r p r e t a t i o n o f s u l f u r - i s o t o p e d a t a f r o m t h e U i n t a E a s i n 
( H a r r i s o n a n d T h o d e , 1 9 5 8 a ; G w y n n , 1 9 7 0 ; M a u g e r , 1 9 7 2 ? 
M a u g e r a n d o t h e r s , 1 9 7 3 ) . T h e r e f o r e , m o s t o f t h e f o l l o w i n g 
d i s c u s s i o n o f i s o t o p e f r a c t i o n a t i o n i s c o n c e r n e d w i t h b i o g e n 
i c r e a c t i o n s . D i s c u s s i o n s o f i n o r g a n i c s u l f u r - i s o t o p e f r a c ­
t i o n a t i o n a r e g i v e n b y T u d g e a n d T h o d e ( 1 9 5 1 ) , T h o d e ( 1 9 7 0 ) , 
O h m o t o ( 1 9 7 2 ) , a n d R y e a n d O h m o t o ( 1 9 7 * 0 . 
B i o g e n i c f r a c t i o n a t i o n . T h e i n f l u e n c e o f o r g a n i s m s 
a n d m i c r o o r g a n i s m s o n t h e c y c l e s o f m a n y e l e m e n t s i n t h e 
e a r t h s y s t e m i s v e r y i m p o r t a n t . T h i s i s p a r t i c u l a r l y 
t r u e f o r s u l f u r , a n d t h e k i n e t i c e f f e c t s p r o d u c e d b y b i o ­
c h e m i c a l r e a c t i o n s h a v e p r o d u c e d m u c h o f t h e f r a c t i o n a t i o n 
o f s u l f u r i s o t o p e s i n n a t u r e , 
M i c r o o r g a n i s m s t h a t r e d u c e s u l f u r c o m p o u n d s f o r t h e 
m e t a b o l i s m o f o r g a n i c m a t t e r b e l o n g p r i n c i p a l l y t o t h e 
g e n e r a D e s u l f o v i b r i o a n d C l o s t r i d i u m , M i c r o o r g a n i s m s t h a t 
o x i d i z e i n o r g a n i c s u l f u r c o m p o u n d s a r e m o s t l y o f t h e g e n e r a 
T h i o b a c i l l u s a n d F e r r o b a c i l l u s , 
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S u l f a t e - r e d u c i n g b a c t e r i a , m o s t l y D e s u l f o v i b r i o 
d e s u l p h u r i c a n s , a n d t h e i r a b i l i t y t o k i n e t i c a l l y f r a c t i o ­
n a t e s u l f u r i s o t o p e s h a v e r e c e i v e d m u c h s t u d y ( S z a b o a n d 
o t h e r s , 1 9 5 0 ; T h o d e a n d o t h e r s , 1 9 5 1 ? F e e l y a n d K u l p , 
1 9 5 7 ; J o n e s a n d S t a r k e y , 1 9 5 7 ; H a r r i s o n a n d T h o d e , 1 9 5 8 b ; 
N a k a i a n d J e n s e n , I 9 6 0 , 1 9 6 4 ; K a p l a n a n d R i t t e n b e r g , 1 9 ^ 3 , 
1 9 6 4 ; N a k a i , 1 9 6 4 ; J e n s e n a n d N a k a i , 1 9 6 4 ; Kemp a n d T h o d e , 
1 9 6 8 ; R e e s , 1 9 7 3 ) . T h e s e s t u d i e s c o n f i r m t h a t t h e a c t i v i t y 
o f s u l f a t e - r e d u c i n g b a c t e r i a c a n p r o d u c e f r a c t i o n a t i o n i n 
e x c e s s o f 5 0 p e r m i l b e t w e e n t h e s u l f a t e s o u r c e a n d t h e 
h y d r o g e n s u l f i d e p r o d u c t . I n g e n e r a l , b a c t e r i o g e n i c s u l -
3 4 
f i d e d e p o s i t s a r e c h a r a c t e r i z e d b y w i d e s p r e a d s i n 6 ^ S 
v a l u e s a n d o v e r a l l e n r i c h m e n t i n ^ S c o m p a r e d w i t h t h e 
C a n o n D i a b l o s t a n d a r d ( J e n s e n , 1 9 5 9 , 1 9 6 7 ) . 
B a c t e r i a l r e d u c t i o n o f s u l f a t e i n v o l v e s f o u r s e p a r a t e 
s t e p s ( K e m p a n d T h o d e , 1 9 6 8 ; R e e s , 1 9 7 3 ) . 1 ) t h e u p t a k e 
o f s u l f a t e b y t h e b a c t e r i u m ; 2 ) t h e o r g a n i c c o m p i e x i n g o f 
t h e s u l f a t e I n t h e c e l l b y r e a c t i o n w i t h a d e n o s i n e t r i ­
p h o s p h a t e ( A T P ) t o f o r m a d e n o s i n e - 5 1 - p h o s p h o s u l f a t e ( A P S ) 
a n d p y r o s u l f a t e ; 3 ) t h e r e d u c t i o n o f APS t o s u l f i t e b y 
r e a c t i o n w i t h H a n d -Fe ( r e d u c e d c y t o c h r o m e - C ~ ) i a n d 
4 ) t h e r e d u c t i o n o f s u l f i t e t o h y d r o g e n s u l f i d e b y t h e 
a c t i o n s o f s u l f i t e r e d u c t a s e , H a n d r e d u c e d c y t o c h r o m e - C ? , 
T h e s e s t e p s a n d t h e p o s s i b l e i s o t o p i c f r a c t i o n a t i o n s a r e 
s h o w n s c h e m a t i c a l l y i n F i g u r e 1 5 ( m o d i f i e d a f t e r R e e s , 1 9 7 3 ) . 
Of t h e f o u r s t e p s , t h e l a s t o n e , t h e p r o d u c t i o n o f H « S f r o m 
s u l f i t e , i s p r o b a b l y f a s t e r t h a n t h e o t h e r s u n d e r n o r m a l 
c o n d i t i o n s ( R e e s , 1 9 7 3 ) . 
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akai  , 1 , ; l   it r , 6
, i , ;   ai, ,    
, , ). s  i  fi  t  a ti t  
f l t - reducing ct i   ce ti ti  i  
 f  il   l t  c   t  
 l e ct.  l, ct i e ic s -
fide deposits are characterized by wide spreads in 6 s 
values and overall enrichment in 32S compared with the 
Canon Diablo standard (Jensen , 1959 , 1967) . 
Bacterial reduction of sulfate involves four separate 
s t eps (Kemp and Thode, 1968, Rees , 197)), 1) the upta~e 
of sulfate by the bacterium j 2) the organic complexing of 
the sulfate in the cell by reaction with adenosine tri-
phosphate (ATP) to form adenosine - S '-phosphosulfate (APS ) 
and pyrosulfate; 3) the r eduction of APS to sulfite by 
reaction with H+ ++ . and ,Fe (reduced cytochL'oone-c)); and 
4) the r eduction of sulfite to hydrogen sulfide by the 
actions of sulfite reductase , H+ and reduced cytochrome-c) , 
These steps and t he possible isotopic fractionations are 
shown schematically in Figure 15 (modified after Rees , 1973) . 
Of the four steps , the last one , the production of H2S from 
sulfite, is probably f aster than the others under normal 
condi tions (Rees, 1973) . 
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T h e i s o t o p e f r a c t i o n a t i o n a s s o c i a t e d w i t h e a c h r e d u c ­
t i o n s t e p h a s b e e n s t u d i e d b y H a r r i s o n a n d T h o d e ( 1 9 5 8 b ) . 
K a p l a n a n d R i t t e n b e r g ( 1 9 6 4 ) , Kerap a n d T h o d e ( I 9 6 8 ) a n d 
R e e s ( 1 9 7 3 ) » a n d i t h a s b e e n s h o w n t h a t t h e l a r g e s t f r a c ­
t i o n a t i o n s ( 2 5 p e r m i l ) a r e p r o d u c e d b y t h e b r e a k i n g o f s u l f u r -
o x y g e n b o n d s d u r i n g t h e c o n v e r s i o n o f APS t o s u l f i t e , a n d 
s u l f i t e t o h y d r o g e n s u l f i d e . T h e f r a c t i o n a t i o n p r o d u c e d i n 
t h e o t h e r f o r w a r d a n d b a c k w a r d s t e p s i s s m a l l b e c a u s e t h e 
s u l f u r o x i d a t i o n s t a t e i s n o t c h a n g e d . 
T h e m a j o r i t y o f l a b o r a t o r y e x p e r i m e n t s w i t h s u l f a t e -
r e d u c i n g b a c t e r i a h a v e i n d i c a t e d t h a t t h e m a x i m u m f r a c ­
t i o n a t i o n p r o d u c e d i s s e l d o m i n e x c e s s o f 2 5 p e r m i l . M o d e r n 
o r g a n i c - r i c h s e d i m e n t s w h e r e s u l f a t e r e d u c e r s a r e a c t i v e 
( V i n o g r a d o v a n d o t h e r s , 1 9 6 2 j D e e v e y a n d o t h e r s , 1 9 ^ 3 » K a p l a n 
a n d o t h e r s , 1 9 6 3 ; H a r t m a n n a n d N i e l s e n , 1 9 6 9 ) , o n t h e o t h e r 
h a n d , e x h i b i t a p e r m i l d i f f e r e n c e b e t w e e n s u l f a t e a n d s u l ­
f i d e i n e x c e s s o f 5 0 p e r m i l . 
R e e s ( 1 9 7 3 ) h a s p r o p o s e d a s t e a d y - s t a t e m o d e l o f s u l f u r -
i s o t o p e f r a c t i o n a t i o n i n b a c t e r i a l r e d u c t i o n p r o c e s s e s . H i s 
m o d e l p r o p o s e s t h a t f o r l o w s u l f a t e c o n c e n t r a t i o n s ( l e s s 
- 2 
t h a n 1 0 M ) , t h e k i n e t i c r e d u c t i o n p r o c e s s i s a f i r s t o r d e r 
r e a c t i o n a s h a s b e e n s u g g e s t e d b y o t h e r w o r k e r s ( H a r r i s o n 
a n d T h o d e , 1 9 5 S b ; K a p l a n a n d R i t t e n b e r g , 1 9 6 4 ; Kemp a n d T h o d e , 
1 9 6 8 ; N a k a i a n d J e n s e n , 1 9 6 4 ; B e r n e r , 1 9 7 1 ) . A t h i g h e r c o n -
- 2 
c e n t r a t i o n s ( g r e a t e r t h a n 1 0 M ) , h o w e v e r , R e e s ( 1 9 7 3 ) 
p o s t u l a t e s t h a t t h e r e d u c t i o n i s n o t f i r s t o r d e r a n d t h e 
o v e r a l l p r o c e s s i s l i m i t e d b y f a c t o r s s u c h a s t h e p r o d u c t i o n 
  ti     r -
      rr    (19 ,
l   i   m   1 ) a
 )) ,      t  t fr -
  1)     i   su1f ur -
  i   si    e. a
l i    .  ti   in
       ll Hse t
     cha ,
 y  at  e ts  sulfat -
ci  i   i t    i mu  fra -
 o c   l    f  roil. r
 ts   ce s  active
  , ;   , 6 ; 
 , ;   ,  o   oth  
,   il ce    sUl-
e   f  permil.
      f su1
 ti   t i l cti  cess s. is
el oses   o  t  ti s (less
than 10- 2r,lj , the kinetic reduct ion process is a first order 
reaction as has been suggested by other workers (Harrison 
and Thode, 1958b; Kaplan and Rittenberg , 1964; Kemp and Thode, 
1968 , Nakai and Jensen , 1964; Berner, 1971), At higher con-
centrations (greater than 10- 2M) , however, Rees (1973) 
postulates that the reduction is not firzt order and the 
overall process is limited by factors such as the production 
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o f e n z y m e t h a t t r a n s p o r t s t h e s u l f a t e i o n a c r o s s t h e b a c ­
t e r i a l c e l l w a l l . I n t h e s e i n s t a n c e s , t h e f i r s t s t e p 
( F i g . 1 5 ) i s a z e r o - o r d e r r e a c t i o n l e a d i n g t o t h e p o s s i b i l i t y 
o f a s t e a d y - s t a t e s y s t e m . 
T h e s t e a d y - s t a t e m o d e l i s v i a b l e i f t h e f o l l o w i n g c o n ­
d i t i o n s a r e m e t ( R e e s , 1 9 7 3 , p . 1 1 5 0 - 1 1 . 5 2 ) i 1 ) t h e r a t e 
o f u p t a k e o f s u l f a t e i s i n d e p e n d e n t o f t h e t o t a l s u l f a t e 
c o n c e n t r a t i o n i n t h e s y s t e m ; 2 ) t h e r e i s a f u l l r e v e r s i b i l i t y 
i n t h e r e a c t i o n s b e t w e e n e x t e r n a l s u l f a t e a n d i n t e r n a l 
s u l f i t e ( i . e . , t h e b a c t e r i u m m u s t b e a b l e t o t a k e u p s u l ­
f i t e , o x i d i z e i t a n d r e l e a s e i t a s s u l f a t e ) ; a n d 3 ) t h e i n ­
t e r n a l s u l f u r r e s e r v o i r s o f t h e b a c t e r i u m a r e s m a l l c o m ­
p a r e d t o t h e a m o u n t o f o r i g i n a l s u l f a t e . 
T h e e f f e c t s o f v a r i a t i o n s o n t h e s u l f u r - r e d u c t i o n 
s y s t e m c a n b e e v a l u a t e d ( R e e s , 1 9 7 3 ) "by t h e e q u a t i o n t 
%e ' ^ + ( " b e " * b a > X b + • W V c + 
< * d e " * d c > W d 
w h e r e t h e m ' s sre f r a c t i o n a t i o n f a c t o r s i n v o l v e d i n t h e 
r e a c t i o n s t e p s i n F i g u r e 1 5 , a n d X f e , X a n d X ^ a r e v a r i a b l e s 
t h a t r e f l e c t t h e r e v e r s i b i l i t y o f a r e a c t i o n s t e p a n d a r e 
i n f l u e n c e d b y o t h e r c h e m i c a l a n d b i o c h e m i c a l p a r a m e t e r s 
( s e e R e e s , 1 9 7 3 , f o r f u l l d i s c u s s i o n ) , 
- 2 
A t v e r y l o w s u l f a t e c o n c e n t r a t i o n s ( l e s s t h a n 1 0 M ) , 
X ^ , X c a n d X^ a r e a l l z e r o , t h e r e i s n o r e v e r s i b i l i t y a n d 
t h e o v e r a l l r e a c t i o n i s f i r s t o r d e r . T h e f o r w a r d r e a c t i o n 
p r o c e e d s a s f a s t a s s u l f u r i s s u p p l i e d a n d t h e o v e r a l l 
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  f l t   t f  t l sulfat  
ti    ;     ll reversi
  ti s et  l t   internal 
 , .,     e    sul-
, i e   l s    ;  J   i n -
 f  i s f    om-
    f i l sulfate
 ts f i ti s   sul f ur-  
   d  ) b e eq i . 
c{ 
ae 
  0.:. ' s are ti  s v   t
    .  b , c  d  vari
 r  e si ili       ar
l e ced   i  i l par
  )  ll discussio .
At very l ow sulfate concentrations (less t han 10- ~I) , 
Xb , Xc and Xd ar e all zero , there is no reversibility and 
t he overal l reaction is fi rst order . The forward r eaction 
proceeds as f ast as sulfur i s suppl ied and the overall 
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f r a c t i o n a t i o n i s s m a l l ( l e s s t h a n 2 5 p e r m i l ; S c h w a r c z a n d 
B u r o i e , 1 9 7 3 ; R e e s , 1 9 7 3 ) . W h e n t h e s u l f a t e s u p p l y i s 
h i g h , t h e i n t e r n a l s u l f u r r e s e r v o i r s i n t h e b a c t e r i u m 
b e c o m e s a t u r a t e d a n d b a c k f l o w b e g i n s . T h u s , X, , X a n d 
X ^ a s s u m e v a l u e s f r o m z e r o t o u n i t y . U n d e r t h e s e c o n d i t i o n s , 
t h e o v e r a l l f r a c t i o n a t i o n , ^ m a y r e a c h a m a x i m u m o f a b o u t 
a e 
5 0 p e r m i l . A l s o , i f t h e o r g a n i c m a t t e r c o n c e n t r a t i o n i s 
l o v / , t h e h y d r o g e n s u l f i d e o u t p u t w i l l b e l o w , X ^ , X c a n d X ^ 
w i l l b e c l o s e t o u n i t y , a n d f r a c t i o n a t i o n w i l l b e g r e a t 
( R e e s , 1 9 7 3 ) . 
I n m o s t i n s t a n c e s , X ^ i s z e r o b e c a u s e t h e r e d u c t i o n o f 
s u l f i t e t o h y d r o g e n s u l f i d e p r o c e e d s f a s t e r t h a n t h e o t h e r 
s t e p s ( F i g . 1 5 ) . W h e n X ^ i s z e r o , t h e o v e r a l l i s o t o p e 
f r a c t i o n a t i o n , ( m a y r a n g e f r o m - 3 t o 2 5 p e r m i l d e p e n d i n g 
a e 
u p o n t h e v a l u e s o f X ^ a n d X c > T h i s t y p e o f c o n d i t i o n i s 
c o m m o n i n m o s t e x p e r i m e n t a l w o r k o n s u l f a t e - r e d u c i n g b a c ­
t e r i a l f r a c t i o n a t i o n ( R e e s , 1 9 7 3 ) a n d i n m o s t m o d e r n n a t u r a l 
e n v i r o n m e n t s w h e r e s u l f a t e r e d u c e r s a r e a c t i v e ( S c h w a r c z 
a n d B u m i e , 1 9 7 3 ) . A m o r e d e t a i l e d d i s c u s s i o n o f b a c t e r i o -
g e n i c f r a c t i o n a t i o n a s i t a p p l i e s t o t h e p r e s e n t s t u d y i s 
g i v e n l a t e r , 
S u m m a r y o f s u l f u r - i s o t o p e d i s t r i b u t i o n 
I n s e d i m e n t a r y e n v i r o n m e n t s a n d r o c k s 
M a n y o f t h e s u l f u r - i s o t o p e r a t i o d e t e r m i n a t i o n s m a d e 
o n s e d i m e n t a r y s u l f u r c o m p o u n d s h a v e b e e n i m p l e m e n t e d 
b e c a u s e o f e c o n o m i c f a c t o r s ( e . g . , o r e d e p o s i t s , p e t r o l e u m , 
c o a l ) . T h u s , t h e r e a r e o n l y a s m a l l n u m b e r o f s t u d i e s 
7  
cti ati       il; rcz  
rn , ; s, , he   lf t  l  i  
i ,  al l  i s   b~ct u
 t   ckfl  i . , b  ;(c  
d  s    it .  s  i  
 ll o io ~ ae '     f a  
50 permil. Also , if the organic matter concentration is 
l ow , t he hydrogen sulfide output will be l ow , Xb , Xc and Xd 
will be cl ose to uni ty , and fractionation will be great 
(Rees , 1973) . 
In most instances , Xd i s ze ro because t he reduction of 
sulf i te to hydrogen sul f i de proceeds faster than the other 
s t eps (Fi g. 15) . When Xd i s zero , the ove r all isotope 
fractionation,o(,ae ' may range from - ) to 25 permil depending 
upon the values of Xb and Xc ' This type of condition is 
common in most experime tal work on SUlfate - reducing bac-
t erial fractionation (Rees , 1973) and in most modern n tural 
environments where sul fate r educer s ar e active (Schwarcz 
a d Burni e , 197;) . A mor e d tailed discuss on of bacterio-
genic f r actionation as it appl ies to the present study is 
i ven l ater, 
~  - i sot ope distribution
i  l  o   r ~
   - is t e i  i ti s 
i      implemented
  no  s , "  si , petr leu
C08.1 . ,     tfl   stu ies
7 7 
t h a t w e r e d o n e o n ' t y p i c a l * s e d i m e n t a r y e n v i r o n m e n t s . 
H o l s e r a n d K a p l a j i ( 1 9 6 6 ) , S a n g s t e r ( 1 9 6 8 ) , a n d S c h w a r c z 
a n d B u r n i e ( 1 9 7 3 ) h a v e p r o v i d e d t h e m o s t r e c e n t r e v i e w s o f 
s u l f u r - i s o t o p e s t u d i e s o n s e d i m e n t a r y s u l f u r c o m p o u n d s . 
S e d i m e n t a r y s u l f i d e s , s u l f a t e , f r e e s u l f u r , a n d o r g a n ­
i c a l l y b o u n d s u l f u r e x h i b i t t h e w i d e s t d i s t r i b u t i o n o f s u l ­
f u r - i s o t o p e v a l u e s i n n a t u r e w i t h a t o t a l s p r e a d o f n e a r l y 
1 5 0 p e r m i l ( H o e f s , 1 9 7 3 ) . B a c t e r i o g e n i c r e d u c t i o n o f s u l ­
f a t e i s t h e m o s t common e x p l a n a t i o n f o r t h i s w i d e d i s t r i ­
b u t i o n . M o s t s u l f i d e s i n s e d i m e n t a r y e n v i r o n m e n t s a r e 
p r e s e n t i n o r g a n i c - r i c h r o c k s . T h u s , t h e i m p l i c a t i o n o f 
b a c t e r i a a n d o t h e r m i c r o o r g a n i s m s i n t h e s u l f u r c y c l e i s 
o b v i o u s . 
F i g u r e 1 6 i l l u s t r a t e s s c h e m a t i c a l l y t h e d i s t r i b u t i o n 
o f s u l f u r i s o t o p e s i n t y p i c a l s e d i m e n t a r y e n v i r o n m e n t s , 
s e d i m e n t a r y r o c k s a n d a s s o c i a t e d s e d i m e n t a r y m a t e r i a l s , b o t h 
a n c i e n t a n d m o d e r n . T h e r e p r e s e n t a t i o n o f t h e i s o t o p e d a t a 
i n t h e f i g u r e i s i n t h e f o r m o f h i s t o g r a m s w i t h n u m b e r o f 
1 4 
a n a l y s e s p l o t t e d a g a i n s t t h e bJ S v a l u e s . 
G e n e r a l o b s e r v a t i o n s . F i g u r e 1 6 r e v e a l s t h a t t h e s u l -
f u r - i s o t o p i c d i s t r i b u t i o n i n s e d i m e n t a r y e n v i r o n m e n t s a n d 
r o c k s v a r i e s f r o m a b o u t - 4 0 p e r m i l t o o v e r 6 0 p e r m i l . T h e 
f o l l o w i n g p o i n t s s u m m a r i z e t h e d i s t r i b u t i o n s . 
1 . S u l f i d e s i n s h a l l o w - m a r i n e e n v i r o n m e n t s , m a r i n e 
e v a p o r i t e s , a n d s u l f u r c o m p o u n d s o f l a c u s t r i n e o r i g i n a r e 
e n r i c h e d i n J S c o m p a r e d w i t h s u l f u r c o m p o u n d s i n e u x i n i c 
a n d d e e p - o c e a n - b a s i n e n v i r o n m e n t s . 
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analyses plotted against the 0)45 values. 
General observations , Figure 16 reveals that the sul-
fur-i sotopic distribution in sedimentary t:llvironments and 
rocks varies from about -40 permil to over 60 permil, The 
following points summarize the distributions, 
1. Sulfides in shallow-marine environments, marine 
evaporites, and sulfur compounds of lacustrine origin are 
enriched in J4S compared with sulfur compounds in euxinic 
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2. S u l f i d e s f r o m e u x i n i c a n d d e e p - o c e a n b a s i n s e x h i b i t 
3 4 
a m u c h n a r r o w e r d i s t r i b u t i o n o f 6 ^ S v a l u e s t h a n o t h e r s e d ­
i m e n t a r y e n v i r o n m e n t s a n d m a t e r i a l s . 
3 . I n e n v i r o n m e n t s w h e r e c o e v a l s u l f a t e a n d s u l f i d e 
3 4 
a r e p r e s e n t , t h e s u l f i d e i s u s u a l l y d e p l e t e d i n y S c o m p a r e d 
t o t h e s u l f a t e . I n s h a l l o w - m a r i n e e n v i r o n m e n t s , t h e m a g ­
n i t u d e o f t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n r a n g e s u p t o 
2 5 p e r m i l ? i n e u x i n i c a n d o t h e r c l o s e d e n v i r o n m e n t s , t h e 
f r a c t i o n a t i o n m a y e x c e e d 5 ° p e r m i l . 
4 . I n i s o t o p i c s t u d i e s w h e r e m a n y s u l f u r - b e a r i n g 
c o m p o u n d s w e r e a n a l y z e d ( e . g . , t h e S o u t h e r n C a l i f o r n i a b a s i n s , 
3 4 
t h e B l a c k S e a ) , t h e r e i s o n l y a s m a l l o v e r a l l 6 ^ S d i f f e r e n c e 
b e t w e e n f r e e s u l f i d e , a c i d - v o l a t i l e s u l f i d e , p y r i t e , e l e ­
m e n t a l s u l f u r , a n d o r g a n i c a l l y b o u n d s u l f u r . G e n e r a l l y , 
3 4 
t h e s u l f i d e p h a s e s a r e m o r e d i m i n i s h e d i n J S j s u l f a t e i s 
3 4 
e n r i c h e d i n S t 
3 4 
5 . S u l f u r c o m p o u n d s i n p e t r o l e u m h a v e a n a r r o w 6 ^ S 
d i s t r i b u t i o n t h a t i s i n t e r m e d i a t e i n c o m p o s i t i o n c o m p a r e d 
t o o t h e r s e d i m e n t a r y s u l f u r c o m p o u n d s , 
6 . S u l f i d e i n s a n d s t o n e - u r a n i u m d e p o s i t s h a v e t w o 
3 4 
d i s t i n c t hJ S d i s t r i b u t i o n s : s y n g e n e t i c s u l f i d e s t h a t a r e 
3 4 
e n r i c h e d i n S a n d e p i g e n e t i c s u l f i d e s t h a t a r e d i m i n i s h e d 
° 2 
i n J S , A s a w h o l e , t h e s a n d s t o n e - u r a n i u m d e p o s i t s h a v e 
a s u l f u r - i s o t o p e d i s t r i b u t i o n s i m i l a r t o s h a l l o w - m a r i n e 
s u l f i d e s ( e . g . , W h i t e P i n e ) , 
7 . L a c u s t r i n e s u l f u r c o m p o u n d s a r e c o n s i s t e n t l y e n -3 4 r i c h e d i n J S c o m p a r e d t o a l l t h e o t h e r s e d i m e n t a r y e n v i r o n -
 
. lfi es  i i   - a  1Js ex-r. i t 
a much narrower distribution of ~J4s values than other sed-
imentary environments and materials. 
J. In environments where coeval sulfate and sulfide 
are present , the sulfide is usually depleted in 34·s compared 
to the ulfate . In shallow- marine environments , the mag-
nitud  of the sul fate-sulfide f ractionation ranges up to 
25 permil; in e xinic mld other cl osed environm nts , the 
fractionatio  may exceed 50 p rmi . 
4. I n isotopic studies whe r e many sulfur-bearing 
compounds were analyzed (e , g . , th  Southern California basins, 
the Black S a) , there is only a small overall 634S difference 
between free sulfide , acid- volatile sul fide , pyrite, ele-
mental sulfur , and orga~ically bound sulfur. Generall y , 
the sul fide phases are more diminished in 34S j sulfate is 
enriched in 34S • 
5. Sulfur compounds in petroleum have a narrow 634s 
distribution that is inte rmediate in composition compared 
to other sedimentary sulfur compounds. 
6. Sulfide in sandstone-uraniUM deposits have two 
distinct 6345 di~tributions : syngenetic sul fides that are 
enriched in 34s and ep i genetic sulfides that are di minisned 
in 32S , As a whole , the sandstone- uranium deposits have 
a sulfu~-isotope distribut i on similar to shallow-marine 
sul fides (e.g., White Pine). 
7. Lacustrine sulfur ccmpoands are consis t ently en -
r iched i n 34s compared to al l the other sedimentary environ-
8 0 
m e r i t s . T h e s u l f i d e s o f t h e G r e e n R i v e r F o r m a t i o n ( p r e s e n t 
3 4 
s t u d y ) h a v e t h e h i g h e s t J S e n r i c h m e n t c f a n y s e d i m e n t a r y 
r o c k , u n i t o r e n v i r o n m e n t i n F i g u r e 1 6 . 
D i s c u s s i o n . T h e s u l f u r - i s o t o p e d a t a o f F i g u r e 1 6 
3 4 
d e m o n s t r a t e t h a t t w o m a i n t y p e s o f 6 ^ S d i s t r i b u t i o n s a r e 
c o m m o n ( S c h w a r c z a n d B u r n i e , 1 9 7 3 . p . 2 7 1 ) . 1 ) a n a r r o w 
d i s t r i b u t i o n a r o u n d 4 5 t o 6 0 p e r m i l l i g h t e r t h a n c o e v a l 
s u l f a t e ; a n d 2 ) a b r o a d d i s t r i b u t i o n c e n t e r e d a b o u t z e r o 
p e r m i l , a n d 2 5 p e r m i l l i g h t e r t h a n c o e v a l s u l f a t e . 
T h e s i m i l a r i t i e s i n t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n 
a n d t h e s u l f u r - i s o t o p e d i s t r i b u t i o n o f c e t a i n e n v i r o n m e n t s 
l e a d S c h w a r c z a n d B u r n i e ( 1 9 7 3 ) t o p r o p o s e t v /o m o d e l s b a s e d 
o n s u l f a t e s u p p l y f o r e x p l a n a t i o n s 1 ) a c l o s e d s y s t e m 
w h e r e t h e s u l f a t e s u p p l y i s i n t e r m i t t e n t a n d o f t e n c u t o f f ; 
a n d 2 ) a n o p e n s y s t e m w h e r e t h e i n p u t o f s u l f a t e i s c o n ­
s t a n t . T h e c l o s e d s y s t e m c o u l d b e p r o d u c e d i n a S t a g n a n t , 
c l o s e d p o o l o f w a t e r t h a t i s p e r i o d i c a l l y f l u s h e d b y 
f r e s h e r w a t e r , o r i n t h e i n t e r s t i t i a l w a t e r o f p o r o u s s e d ­
i m e n t t h a t i s i n f r e q u e n t l y r e c h a r g e d . T h e o p e n s y s t e m i s 
b e s t d e v e l o p e d i n s t a g n a n t m a r i n e b a s i n s ( e . g . , t h e B l a c k 
S e a ) w h e r e t h e r e i s a l a r g e c o n c e n t r a t i o n o f s u l f a t e a n d a 
s t e a d y d i f f u s i o n o f s u l f a t e i n t o t h e b o t t o m m u d s . 
B a c t e r i a l f r a c t i o n a t i o n b e t w e e n s u l f a t e a n d s u l f i d e i n 
a c l o s e d s y s t e m w o u l d b e e x p e c t e d t o v a r y c o n s i d e r a b l y 
b e c a u s e o f c h a n g i n g e n v i r o n m e n t a l c o n d i t i o n s . T h e r e f o r e , 
t h e d i s t r i b u t i o n o f 6 ^ S v a l u e s w o u l d b e w i d e a n d f i a t . 
T h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n i n a n o p e n s y s t e m w o u l d 
 
en .  l s f e ee  i  atio  (pr  
ctudy) have the highest 34S enrichment of any sedimentary 
rock unit or environment in Figure 16. 
Discussion . The sulfur-isotope data of Figure 16 
demonstrate that two main types of 634S distributions are 
co mon (Schwarcz and Bur ie . 1973 , p. 271) , 1) a narrow 
distribution around 45 to 60 permil lighter than coeval 
sulfate; and 2) a broad distribution cente ed about zero 
permil, and 25 permil lighter than coeval sulf te . 
The similarities in th  sulfate- sulfide fractionation 
and the sulfur- isotope distrib tion of cetain environments 
l ead Schwarcz and Burnie (1973) to propose two models based 
on sulfate supply fo  explanation I 1) a closed syster.i 
where the sulfate supply is intermittent and often cut off; 
and 2) an open system where the input of sulfate is con-
stant. The clo ed system could be produced in a stagnant, 
closed pool of water that is periodically flushed by 
fre her water, or in e interstitial water of porous sed-
iment that is infrequently r charged . Th  open system is 
best developed in s tag ant marine basins (e . g ., the Black 
S a) where there i   l rge concentration vf sulfate and a 
steady diffusion of sulfat  into the bottom muds. 
Bacterial fractionation between sulfate and sulfide in 
a closed system would be expected to vary consi erably 
be aus  of changing environmental c nditions . Therefore, 
the distribution of 634S values would be wide and flat. 
T  sulfate-sulfide fracti onation in an open s ystem would 
8 1 
3 4 
b e m o r e c o n s i s t e n t a n d t h e bJ S d i s t r i b u t i o n w o u l d b e n a r r o w ­
e r b e c a u s e d e p o s i t i o n a l c o n d i t i o n s a r e m o r e c o n s t a n t , 
E x a m p l e s o f t h e c l o s e d s y s t e m a r e t h e W h i t e P i n e s u l f i d e 
d e p o s i t ( B u m i e a n d o t h e r s , 1 9 7 2 ) , t h e s u l f i d e s o f t h e 
C n w a t i n S l a t e ( T h o d e a n d o t h e r s , 1 9 6 2 ) , a n d t h e N a i m e 
P y r i t e F o r m a t i o n ( J e n s e n a n d W h i t t l e s , 1 9 6 9 ) , E x a m p l e s 
o f a n o p e n s y s t e m a r e t h e K u p f e r s c h i e f e r S h a l e ( M a r o w s k y , 
1 9 6 9 ) , t h e B l a c k S e a ( V i n o g r a d o v a n d o t h e r s , I 9 6 2 ) , a n d 
t h e d e e p o c e a n b a s i n s o f f C a l i f o r n i a ( K a p l a n a n d o t h e r s , 
1 9 6 3 ) . 
P r e v i o u s s u l f u r - i s o t o p e s t u d i e s i n a n c i e n t 
a n d m o d e m l a c u s t r i n e e n v i r o n m e n t s 
T h e r e h a s b e e n l i t t l e s t u d y o f t h e s u l f u r - i s o t o p e 
v a r i a t i o n i n m o d e m a n d a n c i e n t l a c u s t r i n e e n v i r o n m e n t s . 
By f a r , t h e b u l k o f s u l f u r - i s o t o p e d a t a h a v e b e e n o n t h e 
s u l f u r c o m p o u n d s w i t h i n T e r t i a r y f o r m a t i o n s o f t h e U i n t a a n d 
P i c e a n c e C r e e k B a s i n s , S u l f u r - i s o t o p e s t u d i e s o n m o d e m 
l a k e s h a v e u s u a l l y d e a l t w i t h i o n i c s u l f u r s p e c i e s I n 
w a t e r a n d a s s o c i a t e d s u l f i d e s a n d s u l f a t e s i n l a k e s e d i m e n t s , 
S e a r l e s L a k e , H o l s e r a n d K a p l a n ( 1 9 6 6 ) s t u d i e d t h e 
e v a p o r l t e m i n e r a l s i n S e a r l e s L a k e s e d i m e n t , S e a r l e s L a k e 
w a s t h e t h i r d i n a c h a i n o f l a k e s f e d i n t e r m i t t e n t l y d u r i n g 
t h e P l e i s t o c e n e a n d R e c e n t b y t h e O w e n s R i v e r , T h e d e p o s i t s 
c o n s i s t o f f i n e - g r a i n e d s e d i m e n t t h a t r e p r e s e n t s p l u v i a l 
p e r i o d s a n d e v a p o r i t e s w h i c h r e p r e s e n t i n t e r p l u v i a l p e r i o d s . 
R e s u l t s o f H o l s e r a n d K a p l a n ' s s u l f u r - i s o t o p e s t u d y ( F i g , 1 6 ) 
i n d i c a t e t h a t i o n i c s u l f a t e i n b r i n e w a t e r s o f t h e s a l t 
6
be more consistent and the 6J S distribution would be nan;,ow-
er because depositional conditions are more constant . 
Examples of the closed system are the White Pine sulfide 
deposit (Burnie and others , 1972) , the sulfides of the 
Cnwatin Slate (Thode and others, 1962) , and the Nairne 
Pyrite Formation (Jensen and Whittles, 1969) , Examples 
of an open system are the Kupferschiefer Shale (Marowsky , 
1969), the Black Sea (Vinogradov and others , 1962) , and 
the deep ocean basins off California (Kaplan and others , 
1963) • 
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l a y e r s i s s l i g h t l y e n r i c h e d i n J S w i t h r e s p e c t t o c o n ­
t e m p o r a n e o u s s u l f a t e m i n e r a l s . H y d r o g e n s u l f i d e a n d f r e e 
3 4 
s u l f u r i n t h e b r i n e s s h o w d e p l e t i o n i n J S , s u g g e s t i n g 
b a c t e r i o g e n i c a c t i v i t y . I n f l o w w a t e r f r o m t h e p r e s e n t 
3 4 
O w e n s R i v e r h a s a n i n t e r m e d i a t e 6 ^ S v a l u e i n d i c a t i n g t h a t 
3 2 
t h e r e i s s e l e c t i v e l o s s o f J S i n t h e l a k e b a s i n . 
G r e a t S a l t L a k e , U t a h . P r e l i m i n a r y s u l f u r - i s o t o p i c 
i n v e s t i g a t i o n ( G r e y a n d B e n n e t t , 1 9 7 2 ) o f s u l f a t e m i n e r a l s 
i n a c o r e o f G r e a t S a l t L a k e s e d i m e n t s ( 1 . 7 m t h i c k ) 
i n d i c a t e s ( F i g . 1 6 ) t h a t t h e r e i s a n e n r i c h m e n t o f - ^ S i n 
t h e s u l f a t e m i n e r a l s , b u t n o t t o t h e e x t e n t t h a t o c c u r r e d 
i n S e a r l e s L a k e . U n p u b l i s h e d s u l f u r - i s o t o p e d a t a o n G r e a t 
3 4 
S a l t L a k e b r i n e s h o w a h i g h e r J S c o n t e n t t h a n t h e s u l f a t e 
3 4 
i n t h e c o r e . T h i s e n r i c h m e n t i n J S i n p r e s e n t - d a y l a k e 
w a t e r i s p o s s i b l y c a u s e d b y r e s t r i c t i o n o f t h e c i r c u l a t i o n 
i n t h e l a k e b y a r a i l r o a d c a u s e w a y b u i l t i n 1 9 5 7 - 1 9 6 3 . 
A s u l f u r i s o t o p e p r o f i l e o f t h e c o r e s h o w s t h a t t h e r e I s 
3 4 * 
e n r i c h m e n t i n ' S n e a r t h e c o r e b a s e , l i g h t e r v a l u e s I n 
t h e m i d d l e a n d h e a v i e r v a l u e s a t t h e t o p ( a b o u t t h e s a m e a s 
p r e s e n t l a k e - w a t e r s u l f a t e ) . G r e y a n d B e n n e t t ( 1 9 7 2 ) 
s u g g e s t e d t h a t t h e l i g h t e r v a l u e s i n t h e m i d d l e s e g m e n t 
c o r r e l a t e w i t h e x p a n s i o n o f t h e l a k e a n d t h e h e a v i e r v a l u e s 
c o r r e l a t e w i t h d e s i c c a t i o n . 
G r e e n L a k e , New Y o r k . D e e v e y a n d o t h e r s ( 1 9 6 3 ) s t u d i e d 
t h e s u l f u r - i s o t o p e f r a c t i o n a t i o n b e t w e e n a q u e o u s s u l f a t e 
a n d h y d r o g e n s u l f i d e i n G r e e n L a k e , New Y o r k . G r e e n L a k e 
i s m e r o m i c t i c , e x c e e d s 5 0 m i n d e p t h , a n d o c c u p i e s a p l u n g e 
 
 . l ayers is s lightly enriched in S w~th respect to con -
e s l te i e als .  lfi e  f~
sulfur in the brines show depletion in )4s , suggesting 
cterioge i  ti it . fl      
Owens River has an intermediate 6 5 value indicating that 
there is sel ective loss of J2S in the lake basin. 
Great Salt Lake , Utah, Preliminary sulfur-isotopic 
investigation (Grey and Bennett, 1972) of sulfate minerals 
in a core of Great Salt Lake sediments ·(1.7 m thick) 
indicates (Fig . 16) that there i s an enrichment of 34s in 
the sulfate mineral s, but not to the extent that occurred 
in Searles Lake . Unpublished sulfur-isotope data on Great 
Salt Lake brine show a higher 34s content than the sulfate 
in the core . This enrichment in J4S in present- day lake 
water is possibly caused by restrictio  of the circu tion 
in the lake by a railroad causeway built in 1957-1963, 
A sulfur isotope profile of the core shows that there is 
. . 34 · 
enr1chment 1n S near the cor  bas , lighter valu s in 
the middle and heavier values at the t op (about the same as 
present lake -water sulfate ) , Gr ey and Bennett (1972) 
suggested that the lighter values in the middle segment 
correlate with expansion of the lake and the heavier values 
correlate with desiccation. 
Green Lake , New York . Deevey and others (196) studied 
the sulfur- isotope fractionation between aqueous sulfate 
and hydro gen sulfide in Green Lake . New York. Green Lake 
i s meromictic, exceeds 50 m in depth , ar.d occupies a plunge 
S 3 
b a s i n o f a l a t e - g l a c i a l w a t e r f a l l . T h e l o w e r JO ffi o f t h e 
l a k e i s p e r m a n e n t l y r e d u c i n g a n d i s i n h a b i t e d b y a l a r g e 
p o p u l a t i o n o f p u r p l e s u l f u r b a c t e r i a . A p p a r e n t l y , t h e 
h i g h i n f l u x o f s u l f a t e i n t h e i n f l o w i n g w a t e r s h e l p e d e s ­
t a b l i s h a n d m a i n t a i n t h e s t a b l e l a k e - w a t e r s t r a t i f i c a t i o n . 
T h e s u l f u r - i s o t o p e d a t a ( F i g . 1 6 ) i n d i c a t e a v a s t d i f f e r e n c e 
3 k , , 
i n t h e 6 ^ S v a l u e s o f c o e x i s t i n g s u l f a t e a n d s u l f i d e i n 
t h e m o n i m o l i m n i o n ( a b o u t 6 0 p e r m i l ) . S a m p l e s o f l a k e v / a t e r 
t a k e n a t d i f f e r e n t d e p t h s s h o w v a r i a t i o n s i n t h e s u l f u r -
3 4 
i s o t o p e c o m p o s i t i o n . W a t e r o f t h e m i x o l i r n n i o n h a s 6 ^ S 
v a l u e s s i m i l a r t o t h e i n l e t w a t e r ( 2 4 . 7 p e r m i l ) , c o m i n g 
f r o m s t r e a m s d r a i n i n g a n c i e n t m a r i n e s e d i m e n t a r y r o c k s . 
W a t e r i n t h e m o n i m o l i m n i o n i s e n r i c h e d i n J S ( 2 7 , 5 "to 3 1 . 3 
p e r m i l ) a n d b e c o m e s p r o g r e s s i v e l y h e a v i e r w i t h d e p t h , 
A s s o c i a t e d s u l f i d e i n t h e m o n i m o l i m n i o n a l s o s h o w s e n r i c h -
3 4 
m e n t i n J S , A p p a r e n t l y , t h e r e i s v e r y l i t t l e s u l f u r i n 
a n y f o r m i n t h e b o t t o m s e d i m e n t s , 
D e e v e y a n d o t h e r s ( 1 9 6 3 ) e x p l a i n t h e e n r i c h m e n t o f 
3 4 
J
 S i n t h e m o n i m o l i m n i o n b y a p a r t i a l l y c l o s e d s u l f u r s y s t e m , 
S u l f a t e e n t e r i n g t h e s t a g n a n t l o v / e r l a y e r i s r e d u c e d b y 
p u r p l e s u l f u r b a c t e r i a a n d t h e h y d r o g e n s u l f i d e p r o d u c t i s 
3 4 
d e p l e t e d i n J S b y u p t o 5 0 p e r m i l c o m p a r e d t o t h e s u l f a t e , 
A p p a r e n t l y , t h e r e i s a p a r t i a l l o s s o f h y d r o g e n s u l f i d e f r o m 
t h e m o n i m o l i m n i o n w h e r e i t o x i d i z e s t o s u l f a t e i n t h e m i x o ­
l i r n n i o n w i t h o u t f r a c t i o n a t i o n . T h i s s e c o n d a r y s u l f a t e i s 
p a r t i a l l y r e m o v e d f r o m t h e l a k e a t t h e o u t l e t p r o d u c i n g 
3 4 
a n e t i n c r e a s e i n J S i n t h e l a k e a s a w h o l e . T h i s s u g g e s t s 
8) 
   at    )0 m  the
  e     i    lar e
l tio   l   . par , the
         es -
l   i   l   strat fic tion.
 - i s otope  .     dif erence
  )45   i t     in
 i l i   il  l    water
  t   i    sulfur-
isotope composition. Water of the mixolimnion has 6)45 
values similar to the inlet water (24.7 permil) , coming 
from streams draining ancient marine sedimentary rocks . 
Water in the monimolimnion is enriched in )45 (27.5 to )1.) 
permil) and becomes progressively heavier with depth. 
Associated sulfide in the monimolimnion als o shows enrich-
ment in )45 • Apparently, there is very little sulfur in 
any form in the bottom sediments. 
Deevey and others (196») explain the enrichment of 
34S in the monimolimnion by a partially closed sulfur s ystem . 
Sulfate entering the stagnant lower layer is reduced by 
purple sulfur bacteria and the hydrogen s~~fide product is 
depleted in ) S by up to 50 permil compared to the sulfate. 
Appar ntly, there i s a partial loss of hydrogen sulfide from 
the mo imolirnnion where it oxidize  to sulfat  in the mixo -
limni  without fractionation. This s econdary sulfate is 
partially removed from the lake at the outlet producing 
a net increase in 34s in the lake as a whole. This su gests 
8 4 
t h a t p e r m a n e n t s t r a t i f i c a t i o n i n a l a k e s e r v e s a s a s u l f u r 
3 4 
t r a p , p a r t i c u l a r l y f o r ^ S . T h e m o r e c l o s e d t h e l a k e 
b e c o m e s w i t h r e s p e c t t o i n p u t s u l f a t e , t h e m o r e t h e m o n -
Q 4 
i m o l i m n i o n b e c o m e s e n r i c h e d i n ^ S . 
L i n s l e y ^ F o n d , C o n n e c t i c u t . N a k a i . a n d J e n s e n ( 1 9 6 4 ) 
r e p o r t s u l f u r - i s o t o p e d a t a f r o m L i n s l e y P c n d , C o n n e c t i c u t . 
T h i s l a k e h a s c o n t i n u o u s c i r c u l a t i o n o f l a k e w a t e r a n d i s 
3 4 
n o t m e r o m i c t i c . T h e 6 J S v a l u e o f t h e i n l e t - w a t e r s u l f a t e 
i s 5 . 1 p e r m i l a n d s u l f a t e i n a t m o s p h e r i c p r e c i p i t a t i o n i s 
6 . 1 p e r m i l . T h e o u t l e t - w a t e r s u l f a t e i s 7 , 4 p e r m i l i n d i c a ­
t i n g t h a t t h e r e i s a n e t e n r i c h m e n t o f - ^ S i n t h e l a k e . 
N a k a i a n d J e n s e n s u g g e s t t h a t t h e e n r i c h m e n t i s c a u s e d b y 
t h e p r e c i p i t a t i o n o f a c i d - s o l u b l e a n d a c i d - i n s o l u b l e s u l f i d e 
m i n e r a l s i n t h e l a k e s e d i m e n t s . B a c t e r i o g e n i c f r a c t i o n a t i o n 
p r o d u c e d h y d r o g e n s u l f i d e d e p l e t e d i n w h i c h r e a c t e d 
w i t h i r o n t o f o r m s u l f i d e s . 
A l t h o u g h t h e c h e m i s t r i e s o f G r e e n L a k e a n d L i n s l e y 
P o n d a r e d i s s i m i l a r , b o t h p r o d u c e a s i m i l a r e n r i c h m e n t o f 
3 4 ~ ° 2 
* S i n t h e l a k e w a t e r s . I n G r e e n L a k e , t h e l o s s o f J S 
i n t o t h e m i x o l i m n i o n p r o d u c e s t h e e n r i c h m e n t o f ^ S i n 
t h e m o n i m o l i m n i o n . I n L i n s l e y P o n d , f o r m a t i o n o f ^ S -
d e p l e t e d s u l f i d e s i n t h e s e d i m e n t p r o d u c e s t h e n e t l o s s 
3 2 
o f S i n t h e w a t e r . I n b o t h c a s e s , h o w e v e r , t h e f r a c ­
t i o n a t i o n i s t h e r e s u l t o f t h e a c t i v i t y o f s u l f a t e - r e d u c i n g 
b a c t e r i a . 
A n c i e n t l a c u s t r i n e r o c k s . T h e s t u d y o f s u l f u r - i s o t o p e 
r a t i o s i n a n c i e n t l a c u s t r i n e d e p o s i t s i s l i m i t e d t o a 
 
t anent ati i tion   e es   sulhlr 
trap, particularly for 34s • The more closed the lake 
 i  e    te,  o e e n-
imolimnion be comes enriched in 3 5 . 
Linsley Pond , Connecticut. Nakai and Jensen (1964) 
report sul fur-isotope data from Linsley Pond, Connecticut . 
This l ake has continuous circulation of lake water and is 
not meromictic . The 6345 value of th e inlet-water sulfate 
is 5 . 1 permil and sulfate in atmosp ric precipitation is 
6 .1 permil . The outlet- water sulfate is 7 .4 permil i dica-
ting that there is a net enrichment of 34S in the l ake . 
Nakai and Jens n uggest that th  enrichment is caused by 
the prec ip itation of acid - solubl  a d acid- insoluble sulfide 
minerals in the lake sediments. B cteriogenic fractionation 
produced hydrogen sulfi e depleted in 34S which reacted 
with iron to form s lfi es , 
Although the chemistries of Green Lake and Linsley 
Pond are dissimilar , both produce a similar e richme'nt of 
34S in the lake waters . In Green Lake, the loss of 32s 
into the mixolimnion produces the enricJ-..rnent of J4S in 
 i l i L.  i sl  . r   J45 _ 
l te         loss
of 3 S in the water. In both cases , however, the frac -
t i onation is the result of the activity of sulfat e - r educing 
bacteria . 
Ancient l acus trine rocks . The study of sulfur- isotope 
ratios in ancient lacustrine deposit s is limited to a 
8 5 
s m a l l n u m b e r o f a n a l y s e s , a n d a l l o f t h e s e a r e f r o m 
E o c e n e r o c k s i n t h e U i n t a B a s i n , U t a h . 
H a r r i s o n a n d T h o d e ( ! 9 5 C a ) p e r f o r m e d t h e f i r s t s u l f u r -
i s o t o p e a n a l y s e s f r o m t h e U i n t a B a s i n . T h e s e a u t h o r s 
a n a l y z e d t h e s u l f u r c o n t e n t a n d 6 ^ S c o m p o s i t i o n o f f r e e 
a n d e x t r a c t e d h y d r o c a r b o n s a n d o f s u l f a t e a n d s u l f i d e m i n ­
e r a l s i n t h e l a c u s t r i n e a n d f l u v i a l h o s t r o c k s . T h e g e n ­
e r a l s p r e a d o f t h e s u l f u r - i s o t o p e d a t a ( F i g . 16) i n d i c a t e s 
3 4 . 
a n o v e r a l l e n r i c h m e n t o f • S i n a l l s u l f u r - b e a r i n g p h a s e s . 
I f t h e d a t a a r e i n t e r p r e t e d i n a t i m e r e f e r e n c e , t h e r e i s 
a s t r o n g c o r r e l a t i o n b e t w e e n t h e a g e o f t h e h o s t r o c k s a n d 
3 4 
t h e bJ S v a l u e s ( F i g . 1 7 ) . T h e f r e e h y d r o c a r b o n s c o n s i s t 
o f o z o c e r i t e i n t h e W a s a t c h F o r m a t i o n , a l b e r t i t e a n d 
g i l s o n i t e i n t h e G r e e n R i v e r F o r m a t i o n a n d w u r t z i l i t e i n 
t h e U i n t a F o r m a t i o n . T h e s u l f u r - i s o t o p e r a t i o s f r o m t h e s e 
f r e e a s p h a l t s a n d e x t r a c t e d h y d r o c a r b o n s , a n d s u l f a t e a n d 
s u l f i d e m i n e r a l s i n t h e h o s t r o c k s h o w a n o v e r a l l i n c r e a s e 
3 4 * 
i n J S w i t h d e c r e a s i n g a g e . T h e l i g h t e s t v a l u e s a r e i n 
t h e f l u v i a l a n d l a c u s t r i n e W a s a t c h F o r m a t i o n . I n t h e l a c ­
u s t r i n e s t r a t a o f t h e G r e e n R i v e r a n d U i n t a F o r m a t i o n s , 
" . 3 k • • '. ' 
t h e r e i s a s t e a d y i n c r e a s e i n S m a l l s u l f u r - b e a r i n g 
c o m p o u n d s w i t h d e c r e a s i n g a g e . H a r r i s o n a n d T h o d e ( 1 9 5 8 a ) 
3 4 * 
s u g g e s t t h a t t h e i n c r e a s e i n J S i n t h e y o u n g e r d e p o s i t s 
i n t h e U i n t a B a s i n i s a r e f l e c t i o n o f i n c r e a s e d s a l i n i t y 
a n d s t a g n a t i o n i n a n c i e n t L a k e U i n t a , 
T h o d e a n d o t h e r s ( 1 9 5 8 ) s t u d i e d h y d r o c a r b o n s o f n o n -
m a r i n e o r i g i n i n t h e U i n t a B a s i n a n d f o u n d t h a t t h e y w e r e 
all  f l ,   f   fro  
 s i    si , tah . 
r    1958a) e  t  t sulfur-
i  l s s   L~  . es  auth  
l  t e s lf  t t  3.l.j·  ositi  f free 
  b s  f t   e in-
l      i l  .  gen-
l  f    . 6) indicat
an overall enrichment of 3 s in all sul f ur-bearing phases . 
    t     e ce ,  i s
          an
the 6 S values (Fi g . 17) . The free hydrocarbons cons i st 
of ozocerite in the Wasatch Fonnation , al bertite and 
gilsonite in th e Gr een Ri ver Formation and wurtzilite in 
the Uinta Formation. The sulfur-isotope ratios f rom these 
free asphal ts and extracted hydrocarbons , and sulfate ~~d 
sulfide miner al s in t he host rock show an overall increase 
in J4s with decreas ing age . The lightest val ues are in 
the fluvial and l acustrine Wasatch Formation . In the lac-
ustrine str ata of the Gr een River and uinta Formations , 
th . t d . . 34s ' 11 If b . ere 1.5 a s ea y l.ncrease m l.n a su ur- earl.ng 
compounds with decreasing age. Harri s on and Thode (1958a) 
sugges t that the incr ease in 34S in the younge r deposits 
      ti o    salinity
    lt  Uinta .
     o  non-
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F i g u r e 1 7 . S u l f u r - i s o t o p e v a r i a t i o n i n d i f f e r e n t s u l f u r -
b e a r i n g c o m p o u n d s w i t h s t r a t i g r a p h i c p o s i t i o n ( U i n t a 
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8 7 
. . 3 4 
c o n s i d e r a b l y e n r i c h e d i n S c o m p a r e d t o m a r i n e h y d r o c a r b o n s , 
G e n e r a l l y , t h e s e l a c u s t r i n e p e t r o l e u m s , a s p h a l t s a n d b i t u m e n s 
3 4 
a r e 1 0 t o 2 0 p e r m i l e n r i c h e d i n •* S c o m p a r e d t o o t h e r 
p e t r o l e u m s , s u c h a s i n t h e W i n d R i v e r B a s i n ( F i g . 1 6 ) , 
M o r e o v e r , t h e s e n o n m a r i n e h y d r o c a r b o n s e x h i b i t a w i d e r r a n g e 
o f v a l u e s , M a r i n e h y d r o c a r b o n s h a v e a n a r r o w e r r a n g e b e c a u s e 
t h e s u l f u r - i s o t o p e b a l a n c e i s m o r e s t a b l e i n s e a w a t e r a n d 
t h e o v e r a l l s u l f a t e c o n t e n t i s e s s e n t i a l l y i n e x h a u s t i b l e 
( J e n s e n , 1 9 6 3 ) . 
G w y n n ( 1 9 7 0 ) r e p o r t s v a l u e s f o r 2 9 t a r a n d 
d i s t i l l a t e s a m p l e s f r o m o i l - i m p r e g n a t e d s a n d s t o n e a n d t u f f 
i n t h e D o u g l a s C r e e k a n d P a r a c h u t e C r e e k M e m b e r s o f t h e 
G r e e n R i v e r F o r m a t i o n i n t h e s o u t h e a s t U i n t a B a s i n . T h e 
o i l - i m p r e g n a t e d z o n e s a l l o c c u r b e n e a t h t h e M a h o g a n y z o n e 
( F i g . 3 ) . G w y n n ' s s u l f u r - i s o t o p e d a t a , a s a w h o l e , show-
a b o u t t h e s a m e m e a n v a l u e s a s t h e s u l f u r c o m p o u n d s s t u d i e d 
b y H a r r i s o n a n d T h o d e ( 1 9 5 8 a ) . T h e s u l f u r e x t r a c t e d f r o m 
3 4 
t h e i m p r e g n a t i n g h y d r o c a r b o n s i s e n r i c h e d i n J S ( F i g , 1 6 ) 
a n d r a n g e s f r o m 8 , 8 t o 2 9 . 5 p e r m i l . G w ynn ( 1 9 7 0 ) v e r i f i e d 
t h e o b s e r v a t i o n o f H a r r i s o n a n d T h o d e s t h a t t h e r e i s a n 
3 4 
e n r i c h m e n t o f J b i n t h e y o u n g e r r o c k s o f t h e U i n t a B a s i n , 
G w y n n a l s o n o t e d ( p . 7 9 ) t h a t a l i t h o i o g i c c h a n g e i n d i c a t i n g 
t r a n s g r e s s i o n o f L a k e U i n t a , w a s a c c o m p a n i e d b y a d e c r e a s e 
i n t h e ^ ^ S / ^ 2 S r a t i o . He w a s a l s o a b l e t o v e r i f y o n t h e 
b a s i s o f t h e i s o t o p e d a t a t h a t t h e o i l - i m p r e g n a t i n g f l u i d s 
w e r e p r o d u c e d i n p l a c e a n d d i d n o t m i g r a t e l a r g e d i s t a n c e s . 
H a r r i s o n a n d T h o d e ( 1 9 5 8 a ) a l s o s u g g e s t e d t h i s . 
consider abl y enriched in 34s compared to marine hydrocarbons . 
ner ,   l s , lt   bitu
are 10 to 20 permi1 enriched in J4S compared to other 
petroleums , such as in the Wind River Bas in ( Fig . 16) . 
Moreover , these nonmarine hydrocarbons exhibit a wi der range 
of values. Marine hydrocarbons have a narrower range because 
the sulfur-isotope balance i s more stable in seawater and 
the overall sulfate content is essentially inexhaustible 
(Jensen , 196J) . 
Gwynn (1970) reports oJ4S values for 29 tar and 
distillate samples from oil-impregnated sandstone and t uff 
in the Douglas Creek and Parachute Creek Members of the 
Green River Formation in the southeast Uinta Basin . The 
oil-impr egnated zones all occur beneath the Mahogany zone 
(Fig . 3) . Gwynn ' s sulfur-isotope data , as a whole , show 
about the same mean values as the sulfur compounds s tudied 
by Harrison and Thode (1958a). The sulfur extracted from 
the impregnating hydr ocarbons is enriched in J4S (Fig . 16) 
 s  . 8  . 5 roil.  ) verified 
e ti  f i so   es t e e   
enrichment of J4b in the younger rocks of the Uinta Basin. 
Gwynn al so noted (P. 79) that a lithologic change indicating 
transgression of Lake Uinta, was accompan ied by a decrease 
in the J4S/J2s ratio . He was al so able to verify on the 
basis of the i sotope data that the o il-impregnating fluids 
were produced in p l ace and did not migrate large dist ances . 
Harrison and Thode (1958a) also suggested t his. 
8 8 
M a u g e r ( 1 9 7 2 ) a n d M a u g e r a n d o t h e r s ( 1 9 7 3 ) r e p o r t s 
s u l f u r - i s o t o p e d a t a f o r v a r i o u s h y d r o c a r b o n s i n t h e U i n t a 
B a s i n . O i l - i m p r e g n a t e d u n i t s r a n g e i n a g e f r o m J u r a s s i c 
t o e a r l y O l i g o c e n e , b u t h a v e E o c e n e - a g e d h y d r o c a r b o n s . T h e 
3/4 
t o t a l r a n g e o f 6 ^ S v a l u e s f o r t h e o r g a n i c s u l f u r i n t h e 
h y d r o c a r b o n s i s f r o m 3 . 0 t o 3 1 . 0 p e r m i l . S u l f u r r a t i o s i n 
b i t u m i n o u s s a n d s t o n e s a t PR S p r i n g s h o w a r a n g e f r o m 9 . 0 
t o 2 9 . 0 p e r m i l a n d s h o w a s t r a t i g r a p h i c c h a n g e , b e c o m i n g 
•5k 
h e a v i e r w i t h d e c r e a s i n g a g e . T h e QJ S v a l u e s i n d i c a t e t h a t 
t h e v a r i o u s h o s t r o c k s w e r e i m p r e g n a t e d s e l e c t i v e l y a n d 
t h e h y d r o c a r b o n s w e r e d e r i v e d f r o m l a c u s t r i n e s e d i m e n t a r y 
r o c k s o f t h e G r e e n R i v e r a n d U i n t a F o r m a t i o n s . 
R e s u l t s o f t h e S u l f u r - I s o t o p e S t u d y 
T h e p r e s e n t s t u d y i n v o l v e s t h e s u l f u r - i s o t o p e a s s a y 
o f o v e r 1 2 0 i r o n - s u l f i d e s a m p l e f r o m t h e G r e e n R i v e r , 
W a s a t c h , U i n t a a n d M e s a v e r d e F o r m a t i o n s i n t h e U i n t a a n d 
P i c e a n c e C r e e k B a s i n s . T h e b u l k o f t h e s u l f i d e s a r e f r o m 
t h e G r e e n R i v e r F o r m a t i o n , p a r t i c u l a r l y t h e P a r a c h u t e C r e e k 
M e m b e r , a n d w e r e c o l l e c t e d ( F i g . 1 ) f r o m m e a s u r e d s e c t i o n s 
3/4 
a n d f r o m d r i l l c o r e s . I n c o n j u n c t i o n w i t h 6 ^ S d e t e r m i n a ­
t i o n s , w h o l e - r o c k a n d s u l f i d e X - r a y d i f f r a c t i o n a n a l y s e s 
w e r e a l s o d o n e ( s e e A p p e n d i x 2 f o r l i t h o l o g i c d e s c r i p t i o n s 
o f s a m p l e s , a n d A p p e n d i x 3 f o r XRD a n d 6 - ^ S d a t a ) . 
A s a w h o l e , t h e o ^ S d a t a o b t a i n e d i n t h i s s t u d y ( F i g . 
1 6 ) c o r r o b o r a t e t h e p r e v i o u s s t u d i e s ( H a r r i s o n a n d T h o d e , 
1 9 5 8 a ; G w y n n , 1 9 7 0 ; M a u g e r , 1 9 7 2 ; M a u g e r a n d o t h e r s , 1 9 7 3 ) 
 
 )    t rs ) r p
- isotope t   i s rbons   int  
si . i impregnated its ge    J  
 l  li g c , t e oce e-aged oc rbons. 
total range of 634S values fo r the organ ic sulfur in the 
hydroca rbons is from 3 . 0 to 31 . 0 permil . Sulfur ratios in 
bi tuminous sands tones at PR Spring show a range from 9 . 0 
to 29 . 0 permil a~d show a stratigraphic change , becoming 
heavier with decreasing age . The 03 4S values indicate t ha"t 
the va ious host rocks wer  impr gnQ.ted se l ct vely and 
 hydrocarb ns were derived f oIn l acustrine sedimentary 
rocks of the Green River and Uinta Formations . 
s lt  f  lf r-I sotope t
 t    -isotope assa  
   lfi e l     er
s , i    rmati    i  
       l s  fro
   ati , ti l ly  t   
.   e  .    sections
and trorr. drill cores . In conjunction with 634S determina-
tions . whole - rock and sulfide X- ray diffraction anal yses 
were also done (see Appendi x 2 for 
XRD 
lithologic descriptions 
and 634S data). of samples , and Appendix J for 
As a whole , the 634s data obta i ned in this study (Fi g . 
1 6) corroborate the previous studies ( Harrison and Thode , 
1958a ; Gwynn , 1970; Mauger , 1972 , Mauger and others, 1973) 
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o n t h e T e r t i a r y r o c k s o f t h e U i n t a B a s i n , 
S u l f u r - i s o t o p e v a r i a t i o n 
w i t h s t r a t i g r a p h i c u n i t s 
T h e m o s t p r o n o u n c e d v a r i a t i o n o f s u l f u r - i s o t o p e r a t i o s 
c o r r e l a t e d w i t h v a r i a t i o n s i n l i t h o l o g y . A s u m m a r y o f 
s u l f u r - i s o t o p e d a t a o f s u l f i d e s f r o m t h e v a r i o u s s t r a t i -
g r a p h i c u n i t s a t t h e s a m p l i n g s i t e s i s p r e s e n t e d i n F i g u r e s 
1 6 a n d 1 8 . 
T h e s u l f u r - i s o t o p e d a t a f r o m t h e s t r a t i g r a p h i c u n i t s 
i n d i c a t e a t o t a l s p r e a d o f 6 V S v a l u e s o f 7 9 p e r m i l . T h e 
o k 
s a m p l e s m o s t d e p l e t e d i n J S ( F i g . 1 8 ) a r e s u l f i d e s f r o m t h 
D o u g l a s C r e e k M e m b e r o f t h e G r e e n R i v e r F o r m a t i o n , t h e U i n t 
F o r m a t i o n , a i d t h e u p p e r M e s a v e r d e F o r m a t i o n . S u l f i d e s f r o m 
m a r l s t o n e i n t h e G a r d e n G u l c h M e m b e r a r e a l s o d e p l e t e d i n 
3 k 
S . A s a w h o l e , t h e s e l i g h t e r s u l f i d e s h a v e a m e a n o f 
a b o u t 1 6 p e r m i l . S u l f i d e s i n o i l s h a l e a n d m a r l s t o n e o f 
t h e P a r a c h u t e C r e e k M e m b e r h a v e a c o n s i d e r a b l e e n r i c h m e n t i 
** S c o m p a r e d t o t h e o t h e r s t r a t i g r a p h i c u n i t s a n d a v e r a g e 
a b o u t 3 k p e r m i l . T h e t o t a l s u l f u r - i s o t o p e d a t a f r o m a l l 
o k 
u n i t s d e m o n s t r a t e s t h e e x t r e m e e n r i c h m e n t o f ^ S c o m p a r e d 
t o s e d i m e n t a r y u n i t s o f d i f f e r e n t a g e s a n d d e p o s i t i o n a l 
e n v i r o n m e n t s ( F i g . 1 6 ) , 
H a r r i s o n a n d T h o d e ( 1 9 5 8 a ) a l s o f o u n d a v a r i a t i o n o f 
3 k 
6 ^ S v a l u e s w i t h s t r a t i g r a p h i c u n i t s ( F i g . 1 7 ) . T h e y n o t e 
t h a t s u l f u r i n l a c u s t r i n e r o c k s , e s p e c i a l l y o i l s h a l e i n 
o k 
t h e P a r a c h u t e C r e e k M e m b e r , i s m o r e e n r i c h e d i n J S a n d 
3 4 
s u l f u r i n f l u v i a l r o c k s i s m o r e d e o l e t e d i n ; S , T h e 
  ti  s f  i t  .
l r-is t ne v ariatio  
Wilr  atieranh i   
 
 ost o nce  i ti  f l -i t e r  
 i  i ti s  l .    
lf r-isotope t  f l i es   i s str i -
ic its t ~  li    es te   u  
  
 l -i e t  e   tigraphic u  
"4 i te  l  £ -  l  f  il. 
samples most depleted in 34S (Fig. 18) are sulfides £rom the 
Dougl as Creek Member of the Green River Formation, the Uinta 
Formation , md the upper Mesaverde Formation. Sulfide s from 
marls tone in the Garden Gulch Member are also depl eted in 
34S • As a whole, these lighter sulfides have a me an of 
about 16 permil. Sulfides in oil shale and marls tone of 
the Parachute Creek Member have a considerable enrichment in 
34S compared to the other stratigraphic units and average 
about 34 permil . The total sul£ur-isotope data f r om all 
units demonstra.tes the extreme enrichment of J4S compared 
to sedimentary units of different ages and depo s itional 
environments (Fig . 16) . 
Harrison and Thode (1958a) also found a variation of 
634S values with stratigraphic units (Fig . 17). They note 
that sulfur in lacustrine rocks, especially oil shale in 
the Parachute Creek Member, is mOre enriched in J4s and 
sulfur in fluvial rocks is more depleted in 5 . The 
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U i n t a F o r m a t i o n s t u d i e d b y H a r r i s o n a n d T h o d e w a s f r o m a 
l a c u s t r i n e f a c i e s o f t h e f o r m a t i o n , b u t t h e U i n t a o f t h e 
p r e s e n t s t u d y i s m o s t l y f l u v i a l i n o r i g i n ( C a s h i o n a n d 
D o n n e l l , 1 9 7 4 ) . T h i s e x p l a i n s w h y H a r r i s o n a n d T h o d e * s 
v a l u e s f r o m t h e U i n t a F o r m a t i o n ( F i g . 1 7 ) a r e m o r e e n -
3 4 
r i c h e d i n J S t h a n t h e a n a l y s e s o f U i n t a F o r m a t i o n s u l f i d e s 
i n t h e P i c e a n c e C r e e k B a s i n ( F i g . 1 8 ) , 
S u l f u r - i s o t o p e v a r i a t i o n 
w i t h s u l f i d e m i n e r a l o g y 
I r o n - s u l f i d e m i n e r a l s a r e c o m m o n s u l f u r - b e a r i n g m a t e r i a l s 
i n m o s t o r g a n i c - r i c h s e d i m e n t s a n d s e d i m e n t a r y r o c k s , I r o n -
s u l f i d e m i n e r a l s a r e common i n a l l t h e l i t h o l o g i e s s t u d i e d 
i n t h e p r e s e n t i n v e s t i g a t i o n . 
S u l f u r c o m p o u n d s , I r o n - s u l f i d e m i n e r a l s i n t h e G r e e n 
R i v e r F o r m a t i o n h a v e n o t b e e n s t u d i e d i n d e t a i l . B r a d l e y 
( 1 9 3 1 ) w a s o n e o f t h e f i r s t t o d e s c r i b e p y r i t e , a n d h e 
c h a r a c t e r i z e d i t a s o c c u r r i n g a s s u b s p h e r i c a l o r i r r e g u l a r 
g r a i n s r a n g i n g f r o m 0 . 0 0 2 t o 0 . 0 5 mm i n d i a m e t e r , M i l t o n 
( 1 9 5 7 ) , M i l t o n a n d E u g s t e r ( 1 9 5 9 ) a n d M i l t o n a n d o t h e r s 
( 1 9 5 5 ) l a t e r i d e n t i f i e d m a r c a s i t e , p y r r h o t i t e a n d w u r t z i t e 
f r o m t h e G r e e n R i v e r F o r m a t i o n i n W y o m i n g , U t a h a n d C o l o r a d o . 
P r e c u r s o r i r o n - s u l f i d e m i n e r a l s s u c h a s m a c k i n a w i t e 
^
? e S 0 . 9 2 - 0 . 9 6 ^ ' S r e i S i t e ( F e 3 S k ) a n d s m y t h i t e ( F e ^ S k ) h a v e 
n o t b e e n r e p o r t e d f r o m t h e G r e e n R i v e r F o r m a t i o n . 
S u l f a t e m i n e r a l s i n t h e G r e e n R i v e r F o r m a t i o n a r e 
v e r y r a r e a n d g e n e r a l l y r e p r e s e n t t h e w e a t h e r e d r e m a i n s o f 
i r o n s u l f i d e s . T h e m o s t c o m m o n s u l f a t e s a r e a n h y d r i t e , 
 r o  i e   ris      
s i e i    i , t    t
   ostl  l  i   a
nel  . i  l i   o   Thode ' s
634s      . )   en
riched in 3 S than the analyses of Uinta Formation sulfides 
in the Piceance Creek Basin (Fig. 18). 
l -i t ne variat
  iner  
o s l fi  s   U e i g aterials
 s  i i  e ts   s. lron
l  i ls    l   ol  studied
  t inv ti ti
l  . l f i e    
i r ati   t    t i . r l
     t   ri   
i ze    i   l  irregular
i  gi  o  . 00   . 0  rn  i et . lton
,     ~~  ilt   oth r
   ar si , r tit   rtzit
  r   ati   omi ,   Colora .
 -s lfi e i als   
(FeSO . 92 _0. 96)' ~reigite pe S4)  t it  3 4) ha
  t     i  Format i
lf te i ls    i  ati  ar
 e   es t  e    
 des .  st  tes  an
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g y p s u m a n d b a s s a n i t e ( M i l t o n , 1 9 5 7 ? M i l t o n a n d S u g s t e r , 
1 9 5 9 ; P i c a r d a n d H i g h , 1 9 7 2 a ; E r o b s t a n d T u c k e r , 1 9 7 3 ) . 
M i l t o n ( 1 9 5 7 ) a l s o r e p o r t s b a r i t e f r o m d r i l l c u t t i n g s i n 
t h e U i n t a B a s i n . B e d d e d a n h y d r i t e i s p o s s i b l y p r e s e n t i n 
t h e l o w e r G r e e n R i v e r F o r m a t i o n i n t h e w e s t e r n U i n t a B a s i n 
( T . F o u c h , p e r s o n a l c o n v e r s a t i o n , 1 9 7 * 0 . S u l f a t e s w e r e n o t 
a n a l y z e d i s o t o p i c a l l y i n t h e p r e s e n t s t u d y . 
O r g a n i c a l l y b o u n d s u l f u r i s p r e s e n t i n o i l s h a l e , 
a s p h a l t a n d p e t r o l e u m i n t h e G r e e n R i v e r F o r m a t i o n . I n 
o i l s h a l e , t h e t o t a l s u l f u r c o n t e n t r a n g e s f r o m 0 . 7 t o 2 , 0 
w e i g h t p e r c e n t a n d o r g a n i c a l l y b o u n d s u l f u r i s o n l y a b o u t 
0 . 2 w e i g h t p e r c e n t . P y r i t e i n o i l s h a l e i s u p t o 1 . 5 
w e i g h t p e r c e n t ( S m i t h a n d o t h e r s , 1 9 6 4 ) . T h e r e f o r e , o r g a n ­
i c a l l y b o u n d s u l f u r i s s u b o r d i n a t e t o s u l f i d e s u l f u r i n o i l 
s h a l e . 
S u l f i d e o c c u r r e n c e a n d m o r p h o l o g y . I r o n s u l f i d e s i n 
t h e G r e e n R i v e r F o r m a t i o n o c c u r i n a w i d e r a n g e o f s i z e s 
a n d i n a c o m p l e x a r r a y o f s h a p e s . A p p e n d i x 2 b r i e f l y d e s ­
c r i b e s s u l f i d e m o r p h o l o g i e s . 
S u l f i d e b o d i e s i n c l a s t i c r o c k s a r e c o m m o n l y m u c h 
l a r g e r t h a n t h o s e i n m a r l s t o n e a n d o i l s h a l e , S u l f i d e 
b o d i e s o b s e r v e d i n s a n d s t o n e a n d s i l t s t o n e o f t h e l o w e r 
G r e e n R i v e r F o r m a t i o n , W a s a t c h F o r m a t i o n , U i n t a F o r m a t i o n 
a n d M e s a v e r d e F o r m a t i o n a r e o f t w o m a i n t y p e s i 1 ) l a r g e p o d 
a n d c o n c r e t i o n s u p t o 5 0 cm i n m a x i m u m d i m e n s i o n r e p l a c i n g 
t h e h o s t r o c k ( F i g . 1 9 a ) ; a n d 2 ) p y r i t e c e m e n t f i l l i n g 
i n t e r s t i t i a l a r e a s b e t w e e n c l a s t i c g r a i n s ( F i g . 1 9 b ) . 
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F i g u r e 1 9 . P h o t o g r a p h s a n d p h o t o m i c r o g r a p h s o f i r o n -
s u l f i d e o c c u r r e n c e s , 
A . L a r g e p y r i t e c o n c r e t i o n e x t r a c t e d f r o m m e d i u m - g r a i n e d 
s a n d s t o n e , W a s a t c h F o r m a t i o n , D o u g l a s P a s s , 
B . P y r i t e - c e m e n t e d s a n d s t o n e i n t h e M e s a v e r d e F o r m a t i o n , 
D o u g l a s P a s s , S u l f i d e z o n e i s s u r r o u n d e d b y s a n d s t o n e 
c e m e n t e d b y s p a r r y c a l c i t e . 
C . S m a l l , i r r e g u l a r p y r i t e p o d s i n p o o r l y c r o s s - s t r a t i f i e d 
s a n d s t o n e , D o u g l a s C r e e k M e m b e r , D o u g l a s P a s s . 
D . B e d d e d p y r i t e ( o u t l i n e d a r e a s ) i n n o d u l a r m a r l s t o n e , 
l o w e r D o u g l a s C r e e k M e m b e r , D o u g l a s P a s s . 
E . T h i n - s e c t i o n p h o t o m i c r o g r a p h o f d i s s e m i n a t e d i r o n s u l ­
f i d e i n o i l s h a l e . P l a n e l i g h t . N o t e i r r e g u l a r o u t ­
l i n e o f s u l f i d e s . 
F . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f r o u n d e d t o a n g u l a r 
i r o n s u l f i d e i n o i l s h a l e . P l a n e l i g h t . S u l f i d e 
b o d i e s m a k e u p a l a r g e r s u l f i d e p o d . 
i  . 
l i  
t s  t i hs f ir
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S e v e r a l o c c u r r e n c e s o f s u l f i d e p o d s v / e r e n o t e d i n c r o s s -
s t r a t i f i e d s a n d s t o n e ( F i g . 1 9 c ) . T h e s e t y p e s a p p a r e n t l y 
w e r e n o t t r a n s p o r t e d , b e c a u s e t h e y h a d v e r y i r r e g u l a r 
o u t e r m a r g i n s a n d s h o w n o r o u n d i n g . T h e y f o r m e d a f t e r 
d e p o s i t i o n , p o s s i b l y a r o u n d l o c a l a c c u m u l a t i o n s o f o r g a n i c 
m a t t e r . 
S u l f i d e b o d i e s o b s e r v e d i n o i l s h a l e , m a r l s t o n e , c l a y ­
s t o n e a n d o t h e r f i n e - g r a i n e d r o c k s h a v e a m o r e c o m p l e x 
v a r i e t y o f s h a p e s t h a n t h o s e i n c l a s t i c r o c k s . T h e s e 
m o r p h o l o g i e s , d i s c u s s e d i n A p p e n d i x 2 , i n c l u d e s t r e a k s , 
l e n s e s , b l e b s , p a t c h e s , b o u d i n a g e s t r u c t u r e s , s p h e r u l e s , 
b l a d e s ( c a l l e d f e a t h e r s b y M i l t o n , 1 9 5 ? ) * c o m p o u n d b l a d e s 
a n d f r a m b o i d s , L a r g e p o d s a n d b e d d e d l a y e r s w e r e a l s o n o t e d . 
T h e m o s t c o m m o n s h a p e i n o i l s h a l e i s t h e r o u n d e d 
t o a n g u l a r p a t c h ( F i g s . 1 9 e , 1 9 f ) . T h e s e b o d i e s c o n s i s t o f 
i n t e r l o c k i n g s p h e r i c a l , c u b i c a l a n d b l a d e d p a r t i c l e s a n d 
o c c u r r a n d o m l y i n t h e h o s t r o c k . T h e s e c o n d m o s t c o m m o n 
m o r p h o l o g y i n o i l s h a l e i s t h e b l a d e ( F i g , 2 0 a ) a n d c o m p o u n d 
b l a d e ( F i g s . 2 0 b , 2 0 c ) . E l a d e s t r u c t u r e s g e n e r a l l y m a k e 
u p t h e l a r g e r s u l f i d e b o d i e s ( F i g . 2 0 d , 2 0 e ) v i s i b l e t o t h e 
n a k e d e y e , T h e s e l a r g e r s u l f i d e b o d i e s m a y h a v e i n c l u s i o n s 
o f o t h e r m i n e r a l m a t t e r , c o m m o n l y a n a l c i m e a n d q u a r t z ( F i g . 
2 0 f ) , B l a d e s , c o m p o s i t e b l a d e s a n d l a r g e s u l f i d e s t r u c ­
t u r e s c o m p o s e d o f b l a d e s a r e g e n e r a l l y n o t e v e n l y d i s t r i ­
b u t e d t h r o u g h o u t o i l s h a l e o r m a r l s t o n e . I n s t e a d , t h e y a r e 
o f t e n c o n f i n e d t o c e r t a i n l a m i n a e ( F i g . 2 1 a ) t h a t a r e t e x -
t u r a l l y d i s s i m i l a r t o n o n p y r i t i c o i l - s h a l e l a m i n a e a b o v e a n d 
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F i g u r e 2 0 . P h o t o m i c r o g r a p h s o f i r o n - s u l f i d e m o r p h o l o g i e s 
i n o i l s h a l e . 
A . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f b l a d e s t r u c t u r e s . 
N o t e f l a t t e n e d a p p e a r a n c e . R o u n d e d n o n - s u l f i d e b o d i e s 
a r e a n a l c i m e . P l a n e l i g h t . 
B . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f a p y r i t e c o m p o u n d -
b l a d e s t r u c t u r e . S u l f i d e m o r p h o l o g y s u g g e s t s o r i g i n a l 
p r e c i p i t a t i o n o f m a r c a s i t e . P l a n e l i g h t . 
C . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f n u m e r o u s c o m p o u n d -
b l a d e s t r u c t u r e s d i s s e m i n a t e d i n o i l s h a l e . P l a n e 
l i g h t . 
D . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h s h o w i n g i n t e r g r o w t h o f 
c o m p o u n d - b l a d e s t r u c t u r e s f o r m i n g l a r g e r s u l f i d e b l e b . 
N o t e s h a r p b o u n d a r y b e t w e e n s u l f i d e a n d o i l s h a l e . 
P l a n e l i g h t . 
E . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f t i g h t l y i n t e r l o c k e d 
b l a d e s f o r m i n g l a r g e s u l f i d e b l e b . P l a n e l i g h t . 
F . T h i n - s e c t i o n p h o t o m i c r o g r a p h o f p y r i t e b o u d i n a g e s t r u c ­
t u r e . P l a n e l i g h t . N o t e a s s o c i a t i o n o f n o n - s u l f i d e 
m i n e r a l s ( a n a l c i m e m o s t l y ) , a n d o t h e r d i s s e m i n a t e d 
i r o n - s u l f i d e . g r a i n s . 
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b e l o w . I n s u c h c a s e s , t h e o i l s h a l e o f t h e s u l f i d e - r i c h 
l a m i n s h a s t h e a p p e a r a n c e o f b e i n g h o m o g e n i z e d a n d t h e c a r ­
b o n a t e m i n e r a l s r e c r y s t a l l i z e d t o a f i n e r g r a i n s i z e . T h e 
o r g a n i c m a t t e r h a s a n o x i d i z e d a p p e a r a n c e . 
T h e t y p i c a l m o r p h o l o g y o f s u l f i d e b o d i e s i n r e c e n t 
o r g a n i c - r i c h s e d i m e n t s i s t h e f r a m b o i d ( V a l l e n t y n e , 1 9 6 3 ; 
K a p l a n a n d o t h e r s , 1 9 6 3 ; L o v e a n d A m s t u t z , 1 9 6 6 ; E e m e r , 1 9 6 9 ; 
F a r r a n d , 1 9 7 0 ; L o v e , 1 9 7 1 ; S u n a g a w a a n d o t h e r s , 1 9 7 1 ; S w e e n e y 
a n d K a p l a n , 1 9 7 3 ) . F r a m b o i d s a r e m i c r o s c o p i c s p h e r i c a l 
o b j e c t s t h a t r e s e m b l e a r a s p b e r r y i n f o r m a n d t e x t u r e . I n 
t h e o i l s h a l e s o f t h e G r e e n R i v e r F o r m a t i o n , t r u e f r a m b o i d s 
a r e n o t a s common a s t h e o t h e r s u l f i d e m o r p h o l o g i e s d i s ­
c u s s e d a b o v e . M o s t s u b s p h e r i c a l b o d i e s a r e d e s c r i b e d a s 
p a t c h e s b e c a u s e o f t h e i r i r r e g u l a r o u t l i n e . S o m e f r a m b o i d s 
o b s e r v e d i n p o l i s h e d s l a b s u n d e r l o w m a g n i f i c a t i o n a r e 
a c t u a l l y p a t c h e s w h e n o b s e r v e d i n t h i n s e c t i o n . 
S u l f i d e b o d i e s i n a n a l c i m e - r i c h s i l t s t o n e a n d c l a y s t o n e 
o f t h e D o u g l a s C r e e k a n d G a r d e n G u l c h M e m b e r s h a v e a 
m o r p h o l o g y n o t o b s e r v e d i n o t h e r s t r a t i g r a p h i c u n i t s , T h e s e 
s u l f i d e s c o n s i s t o f s p h e r u l e s a n d c u b e s d i s s e m i n a t e d i n 
s t r u c t u r a l l y h o m o g e n e o u s r o c k . T h e s p h e r i " . l e s ( F i g , 2 1 b ) 
h a v e s p h e r i c i t y i n d e x e s ( F o l k , 1 9 7 * 0 n e a r o n e a n d o f t e n h a v e 
a g r a n u l a r t e x t u r e c o m p o s e d o f m a n y i n t e r l o c k i n g c u b e s , 
M a n y o f t h e s p h e r u l e s a r e c o m p o s i t e a n d a r e a s s o c i a t e d w i t h 
o t h e r l a r g e r c u b i c s t r u c t u r e s , T h e s p h e r u l e s a n d c u b e s 
c o m m o n l y a r e a b o u t 4 mm i n m a x i m u m d i m e n s i o n , b u t c a n e x c e e d 
1 c m . T h e i s o t o p i c c o m p o s i t i o n o f i n d i v i d u a l s p h e r u l e s i s 
d i s c u s s e d i n a l a t e r s e c t i o n . 
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F i g u r e 2 1 . I r o n - s u l f i d e m o r p h o l o g i e s . 
A . P o l i s h e d - s e c t i o n p h o t o m i c r o g r a p h o f a n i r o n - s u l f i d e 
s t r e a k i n o i l s h a l e c o m p o s e d o f c o m p o u n d - b l a d e s t r u c ­
t u r e s . N o t e t h e f i n e r g r a i n e d n a t u r e o f c a r b o n a t e i n 
t h e s t r e a k c o m p a r e d t o t h e g r o u n d m a s s . A l s o n o t e t h e 
s h a r p n e s s o f t h e s t r e a k b o u n d a r y a n d t h e u n f l a t t e n e d 
n a t u r e o f t h e s u l f i d e p a r t i c l e s , P l a n e l i g h t . 
B . P y r i t e s p h e r u l e s a n d c u b e s e x t r a c t e d f r o m m a r l s t o n e 
( F i g , 8 d ) , l o w e r D o u g l a s C r e e k M e m b e r , D o u g l a s P a s s , 
N o t e g r a n u l a r o u t e r s u r f a c e c o m p o s e d o f i n t e r l o c k i n g , 
m e t a l l i c p y r i t e c u b e s . S o m e s p h e r u l e s h a v e g r o w n 
t o g e t h e r f o r m i n g c o m p o u n d s p h e r e s . 
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S i z e o f s u l f i d e b o d i e s i n o i l s h a l e . T h e s i z e o f i r o n -
s u i f i d e m i n e r a l b o d i e s i n o i l s h a l e a n d m a r l s t o n e v a r i e s 
f r o m p o d s a n d b o u d i n a g e s t r u c t u r e s s e v e r a l c e n t i m e t e r s 
t h i c k a n d s e v e r a l t e n s o f c e n t i m e t e r s l o n g ( F i g . 19d) d o w n 
t o s u b m i c r o s c o p i c b l a d e s , p a t c h e s a n d f r a m b o i d s . An 
a n a l y s i s o f s u l f i d e p a r t i c l e s i z e i n 2k t h i n a n d p o l i s h e d 
s e c t i o n s o f o i l s h a l e i n d i c a t e s ( F i g . 2 2 } t h a t m o s t s u l f i d e 
b o d i e s a r e b e t w e e n 2 a n d 6 0 jm. i n m a x i m u m d i m e n s i o n , a n d t h e 
m e a n s i z e i s a b o u t 2 0 jum. I t i s p r o b a b l e t h a t s u l f i d e 
m i c r o b o d i e s b e l o w 2 jum a r e m o r e n u m e r o u s t h a n i n d i c a t e d 
b y F i g u r e 2 2 , b u t t h e i r s m a l l s i z e m a d e q u a n t i t a t i v e s t u d y 
d i f f i c u l t . 
X - r a y m i n e r a l o g y . S u l f i d e s e p a r a t e s f r o m 1 1 1 s a m p l e s 
w e r e X - r a y e d t o d e t e r m i n e t h e i r m i n e r a l o g y ( s e e A p p e n d i x 3 
f o r d i s c u s s i o n o f l a b o r a t o r y p r o c e d u r e s a n d XRD d a t a ) . 
P y r i t e , m a r c a s i t e a n d p y r r h o t i t e w e r e t h e o n l y s u l f i d e p h a s e s 
d e t e c t e d . 
T h e r e l a t i v e p r o p o r t i o n s o f s u l f i d e p h a s e s i n a s a m ­
p l e w e r e d e t e r m i n e d f r o m t h e X - r a y p e a k h e i g h t ( T a b l e 6 ) 
o n t h e d i f f r a c t o g r a m s . T h e p e a k h e i g h t s o f t h e s u l f i d e s 
p r e s e n t i n a s a m p l e w e r e s u m m e d a n d t h e p e a k h e i g h t o f e a c h 
p h a s e w a s c o n v e r t e d t o a p e r c e n t a g e ( F i g . 2 3 ) . T h e 6 5 p e r ­
c e n t ( 3 7 . 1 d e g r e e s t w o t h e t a ) a n d 6 3 p e r c e n t ( 5 2 . 0 d e g r e e s 
t w o t h e t a ) X - r a y i n t e n s i t y p e a k s w e r e u s e d f o r p y r i t e a n d 
m a r c a s i t e , r e s p e c t i v e l y . T h e 1 0 0 p e r c e n t ( ^ 3 . 9 d e g r e e s t v /o 
t h e t a ) i n t e n s i t y p e a k w a s u s e d f o r p y r r h o t i t e , T h u s , t h e r e 
i s s o m e d i s t o r t i o n i n F i g u r e 2 3 , a n d t h e f i g u r e s h o u l d b e 
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F i g u r e 2 2 , S i z e a n a l y s i s o f 2k t h i n s e c t i o n s a n d p o l i s h e d 
s e c t i o n s o f o i l s h a l e a n d m a r i s t o n e f r o m t h e P a r a c h u t e 
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F i g u r e 2 3 , I r o n - s u l f i d e m i n e r a l o g y o f s a m p l e s u s e d i n s u l f u r - i s o t o p e a s s a y , 
d e t e r m i n e d b y X - r a y d i f f r a c t i o n . S e e t e x t f o r e x p l a n a t i o n . 
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i n t e r p r e t e d o n l y a s a s e m i q u a n t i t a t i v e e s t i m a t e o f t h e 
s u l f i d e p h a s e s p r e s e n t i n a p a r t i c u l a r s a m p l e , 
T h e r e s u l t s ( F i g , 2 3 ) o f t h e X - r a y s t u d y s h o w a w i d e 
r a n g e i n s u l f i d e m i n e r a l o g y a m o n g t h e t h r e e e n d m e m b e r s . 
S u l f i d e s i n f l u v i a l r o c k s o f t h e D o u g l a s C r e e k a n d G a r d e n 
G u l c h M e m b e r s o f t h e G r e e n R i v e r F o r m a t i o n a n d i n t h e U i n t a 
F o r m a t i o n a r e a l m o s t e n t i r e l y p y r i t e j t h e t r a c e s o f m a r c a ­
s i t e a n d p y r r h o t i t e a r e q u e s t i o n a b l e . S u l f i d e s i n t h e 
s a n d s t o n e a n d s i l t s t o n e o f t h e M e s a v e r d e a n d W a s a t c h F o r ­
m a t i o n s a t D o u g l a s P a s s a r e a l s o m o s t l y p y r i t e . S u l f i d e s 
i n o i l s h a l e a n d m a r l s t o n e o f t h e P a r a c h u t e C r e e k M e m b e r 
a r e d o m i n a n t l y p y r i t e ( F i g , 2 3 ) , b u t h a v e s i g n i f i c a n t o c c u r ­
r e n c e s o f m a r c a s i t e a n d p y r r h o t i t e . T h e o n l y s u l f i d e s i n 
t h e P a r a c h u t e C r e e k M e m b e r t h a t a r e c o m p l e t e l y p y r i t e 
w e r e a t D o u g l a s P a s s , 
I s o t o p i c v a r i a t i o n , T h e s u l f u r - i s o t o p e v a r i a t i o n w i t h 
s u l f i d e m i n e r a l o g y i s i l l u s t r a t e d i n F i g u r e 2k. I n d i v i d u a l 
r a n g e a n d m e a n v a r i a t i o n d i a g r a m s a r e p r o v i d e d f o r t h o s e 
l i t h o l o g i e s w i t h p y r i t e o n l y , w i t h p y r i t e a n d m a r c a s i t e 
o n l y , a n d t h o s e w i t h p y r i t e , m a r c a s i t e a n d p y r r h o t i t e . I n 
m o s t r e s p e c t s , F i g u r e 2k i s v e r y s i m i l a r t o F i g u r e 1 3 , w h i c h 
i l l u s t r a t e d t h e i s o t o p i c v a r i a t i o n w i t h s t r a t i g r a p h i c u n i t s . 
T h i s i s e x p e c t e d , h o v / e v e r , s i n c e t h e s t r a t i g r a p h i c u n i t s 
a r e d e f i n e d b y l i t h o l o g y . 
F i g u r e 2k r e v e a l s t h a t t h e r e i s v e r y l i t t l e d i f f e r e n c e 
m t h e m e a n 5-^ S v a l u e s o f s u l f i d e s i n o i l s h a l e w i t h v a r i a ­
t i o n s i n t h e m i n e r a l o g y , S u l f i d e s i n o i l s h a l e c o m p o s e d 
te prete  l    iqu ti e te f t  
lfi e ases ese t   rti l  a . 
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o n l y o f p y r i t e h a v e a " b r o a d e r r a n g e , b u t h a v e a m e a n o n l y 
o n e o r t w o p e r m i l d i f f e r e n t f r o m s u l f i d e s w i t h m o r e d i v e r s e 
m i n e r a l o g y . T h e r e i s a s l i g h t s u g g e s t i o n t h a t s u l f i d e s a m ­
p l e s c o m p o s e d o f o n l y p y r i t e a n d m a r c a s i t e a r e d e p l e t e d i n 
T h e s u l f i d e s o f m i x e d m i n e r a l o g y e x t r a c t e d f r o m o i l 
s h a l e h a v e a d i s t i n c t e n r i c h m e n t i n S c o m p a r e d t o p y r i t e 
s a m p l e s i n c l a s t i c r o c k , m a r l s t o n e , a n d a n a l c i m e - r i c h c l a y -
s t o n e ( F i g . 2 4 ) . T h e p y r i t e f r o m t h e s e l a t t e r l i t h o l o g i e s 
3 4 
i s s i m i l a r i n bJ S r a n g e a n d m e a n . T h e p y r i t e i n c l a s t i c 
3 4 
r o c k a p p e a r s t o b e s l i g h t l y e n r i c h e d m J S . T h e p y r i t e 
f r o m c l a s t i c r o c k , m a r l s t o n e a n d a n a l c i m e - r i c h c l a y s t o n e 
a r e d o m i n a n t l y f r o m t h e D o u g l a s C r e e k a n d G a r d e n G u l c h M e m ­
b e r s o f t h e G r e e n R i v e r F o r m a t i o n a n d f r o m t h e U i n t a F o r m a ­
t i o n . 
T h e c o n c l u s i o n t o b e d r a w n f r o m F i g u r e 2 4 i s t h a t s u l ­
f i d e m i n e r a l o g y i n o i l s h a l e h a s l i t t l e , i f a n y , c o n t r o l 
^ 4 / 3 2 
o v e r t h e J S / ^ S r a t i o . T h e r e i s n o c o r r e l a t i o n b e t w e e n 
3 4 
t h e bJ S v a l u e s a n d m i n e r a l o g y i n t h e o t h e r l i t h o l o g i e s . 
S u l f u r - i s o t o p e v a r i a t i o n w i t h 
h o s t - r o c k m i n e r a l o g y 
T h e r o c k s o f t h e G r e e n R i v e r F o r m a t i o n , U i n t a F o r m a t i o n , 
W a s a t c h F o r m a t i o n a n d u p p e r M e s a v e r d e F o r m a t i o n a r e c h a r ­
a c t e r i z e d b y a d i v e r s e a n d c o m p l e x m i n e r a l a s s e m b l a g e . 
I n d e e d , t h e G r e e n R i v e r F o r m a t i o n h a s o n e o f t h e m o s t u n ­
u s u a l a u t h i g e n i c m i n e r a l a s s e m b l a g e s o f a n y k n o w n r o c k 
u n i t i n t h e w o r l d ( M i l t o n , 1 9 5 7 ? M i l t o n a n d E u g s t e r , 1 9 5 9 ) . 
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    t  J4   p te
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is similar in 6 s range and mean . The pyrite in clastic 
rock appears to be slightly enriched in 3 s . The pyrite 
from clastic rock, marls tone and analcime-rich claystone 
are dominantly from the Douglas Creek and Garden Gulch /.lem-
bers of the Gr een Rive r Formation and from the Uinta Forma-
tion. 
The conclusion to be drawn from Figure 24 is that sul-
fide mineralogy in oil shale has little, if any, control 
over the 34S/32S ratio. There is no correlation between 
th  634S values and mineralogy in the ther lithologi s . 
Sul fur-i ~ o tope variation with 
host - rock miner alogy 
The roc ks of the Green River Formation, Uinta Formation, 
asatch Formation and upper ~!esaverde Formation are char-
acterized by a diverse and complex mineral assemblage . 
Indeed, the Gr een River Formation has one of the most un-
usual auth i genic mineral assemblages of any known rock 
unit in the world ( ilton. 1957. ilton and Eugster. 1959), 
1 0 ? 
P r e v i o u s s t u d i e s o f m i n e r a l o g y . D e t a i l e d s t u d i e s , 
u s u a l l y b y X - r a y d i f f r a c t i o n , h a v e b e e n n u m e r o u s a n d h a v e 
c o n t r i b u t e d t o t h e r e c o g n i t i o n o f a v a s t s u i t e o f m i n e r a l s 
i n t h e G r e e n R i v e r F o r m a t i o n ( s e e P i c a r d a n d H i g h , 1 9 7 2 a ) . 
B r o b s t a n d T u c k e r ( 1 9 7 3 ) r e c e n t l y c o m p l e t e d a c o m p r e h e n s i v e 
s t u d y o f t h e P a r a c h u t e C r e e k M e m b e r i n t h e n o r t h e r n P i c e a n c e 
C r e e k B a s i n . T h e i r s a m p l e s (N = 6 5 0 ) c o n s i s t o f o i l s h a l e , 
m a r l s t o n e a n d a l t e r e d t u f f t a k e n f r o m t h r e e m e a s u r e d s e c ­
t i o n s . T h e d o m i n a n t m i n e r a l s i n t h e s e r o c k s a r e d o l o m i t e , 
c a l c i t e , q u a r t z , p o t a s s i u m f e l d s p a r , a l b i t e , a n a l c i m e , 
i l l i t e a n d p y r i t e . 
X - r a y m i n e r a l o g y . I n t h e p r e s e n t s t u d y , n e a r l y 2 0 0 
w h o l e - r o c k s a m p l e s w e r e s t u d i e d b y X - r a y d i f f r a c t i o n . T h e 
s a m p l e s c o n s i s t e d o f e v e r y m a j o r l i t h o l o g y e n c o u n t e r e d i n 
t h e m e a s u r e d s e c t i o n s . D e t a i l s o f XRD p r o c e d u r e s a n d t h e 
X - r a y d a t a a r e l i s t e d i n A p p e n d i x 3 . 
T h e r e s u l t s o f t h e X - r a y s t u d y a r e p r e s e n t e d i n F i g u r e 
2 5 . U n l i k e B r o b s t a n d T u c k e r ( 1 9 7 3 ) , a n a l y s e s o f l i t h o l o g i e s 
o t h e r t h a n o i l s h a l e , m a r l s t o n e a n d t u f f a r e i n c l u d e d ; n a m e ­
l y s a n d s t o n e , s i l t s t o n e , a l g a l a n d o t h e r c a r b o n a t e s , a n d 
c l a y s t o n e , D o l o m i t e , c a l c i t e , a n a l c i m e , q u a r t z , p o t a s s i u m 
f e l d s p a r a n d a l b i t e w e r e m o s t f r e q u e n t l y d e t e c t e d . 
F i g u r e 2 5 r e p r e s e n t s t w o t y p e s o f d a t a . T h e v e r t i c a l 
s c a l e o n e a c h v a r i a t i o n d i a g r a m f o r e a c h l i t h o l o g y r e p r e s e n t s 
t h e a v e r a g e r e l a t i v e p e a k h e i g h t o f a p a r t i c u l a r m i n e r a l 
( i . e . , a n a l c i m e , q u a r t z , K - f e l d s p a r a n d a l b i t e ) . T h e 
v e r t i c a l s c a l e f o r c a l c i t e a n d d o l o m i t e , h o w e v e r , r e p r e s e n t s 
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EXPLANATION 
MINER A LOGY x Ray diffraction analysis by rapid scan of 
powder pack ; 2° 26/minute, CuKa, 40Kv, 
20ma, IK range. 
Vertical scale represents the average rela­
tive peak height (100-unit strip-chart paper) 
_for analcime, quartz, K-feldspar and albite. 
For calcite and dolomite,the vertical scale 
represents percentage of total carbonate (cal­
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F i g u r e 2 5 . M i n e r a l o g y o f common l i t h o l o g i e s i n t h e T e r t i a r y 
u n i t s o f t h e P i c e a n c e C r e e k B a s i n . M i n e r a l o g y d e t e r m i n e d 
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1 0 9 
t h e p e r c e n t a g e o f e i t h e r c a l c i t e o r d o l o m i t e i n t h e t o t a l 
c a r b o n a t e f r a c t i o n a n d n o t t h e p e a k h e i g h t . C a l c i t e - d o l o m i t e 
p r o p o r t i o n s w e r e d e t e r m i n e d b y f i x e d - t i m e c o u n t i n g ( R o y s e 
a n d o t h e r s , 1 9 7 1 ) . 
No a t t e m p t w a s m a d e t o p r e p a r e X - r a y s t a n d a r d s f o r a 
m o r e q u a n t i t a t i v e d e t e r m i n a t i o n o f t h e m a i n m i n e r a l s , 
B r o b s t a n d T u c k e r ( 1 9 7 3 ) e x p e r i m e n t e d i n d e t a i l w i t h c a l ­
i b r a t i o n c u r v e s a n d w e r e u n s u c c e s s f u l . 
S a n d s t o n e a n d s i l t s t o n e s a m p l e s f r o m t h e u p p e r M e s a -
v e r d e F o r m a t i o n a n d l o w e r G r e e n R i v e r F o r m a t i o n ( F i g . 2 5 ) 
a r e s i m i l a r i n m i n e r a l o g y a n d c o n s i s t o f q u a r t z , K - f e l d s p a r , 
a l b i t e , c a l c i t e a n d d o l o m i t e . C a l c i t e i s m o r e a b u n d a n t 
t h a n d o l o m i t e i n t h e M e s a v e r d e F o r m a t i o n a n d t h e r e v e r s e i s 
t r u e f o r t h e G r e e n R i v e r s a n d s t o n e , A n a l c i m e i s n o t i c e a b l y 
m i n o r i n t e r r i g e n o u s r o c k s b e l o w t h e P a r a c h u t e C r e e k M e m b e r , 
T h e s a n d s t o n e a n d s i l t s t o n e s a m p l e s f r o m t h e U i n t a F o r m a t i o n 
a r e d i f f e r e n t i n m i n e r a l o g y f r o m t h e o t h e r t w o f o r m a t i o n s . 
U i n t a s a n d s t o n e i s c h a r a c t e r i z e d b y m u c h h i g h e r a n a l c i m e 
a n d a l b i t e c o n t e n t s . A l s o , c a l c i t e i s m o r e a b u n d a n t t h a n 
d o l o m i t e . 
A l g a l c a r b o n a t e ( F i g . 2 5 ) i s m o s t l y c a l c i t e a n d d o l o ­
m i t e , a n d d o l o m i t e i s g r e a t e r t h a n c a l c i t e . T h e o t h e r 
c a r b o n a t e r o c k , w h i c h i n c l u d e s o o l i t i c a n d p i s o l i t i c 
l i m e s t o n e , i n t r a c l a s t i c l i m e s t o n e , m i c r i t e a n d o s t r a c o d a l 
l i m e s t o n e , h a v e a g r e a t e r a d m i x t u r e o f t e r r i g e n o u s m i n e r a l s . 
. Y / a t e r - r e w o r k e d v o l c a n i c t u f f ( F i g . 2 5 ) i s c o m p o s e d 
o f m o s t l y a n a l c i m e , q u a r t z a n d a l b i t e . D o l o m i t e i s t h e 
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1 1 0 
p r i n c i p a l c a r b o n a t e m i n e r a l . T h e t e x t u r e a n d m i n e r a l o g y 
o f t h e t u f f s i n d i c a t e t h a t t h e y w e r e s u b j e c t e d t o e x t e n s i v e 
a u t h i g e n i c t r a n s f o r m a t i o n . B r o b s t a n d T u c k e r ( 1 9 7 3 ) r e p o r t 
t h a t t h e a n a l c i m e c o n t e n t o f t u f f s i n c r e a s e s f r o m e a s t t o 
w e s t a c r o s s t h e P i c e a n c e C r e e k B a s i n a n d a l s o u p w a r d 
t h r o u g h t h e P a r a c h u t e C r e e k M e m b e r . 
C l a y s t o n e c o n s i s t s m a i n l y o f c l a y m i n e r a l s a n d c a r ­
b o n a t e . D o l o m i t e i s s l i g h t l y m o r e a b u n d a n t t h a n c a l c i t e . 
H o s t e r m a n a n d D y n i ( 1 9 7 2 ) s t u d i e d t h e c l a y m i n e r a l o g y i n 
t h e P i c e a n c e C r e e k B a s i n a n d f o u n d t h a t i n t h e f l u v i a l 
r o c k s o f t h e V / a s a t c h F o r m a t i o n a n d i n t h e f i n e - g r a i n e d , 
n o n - a n a l c i m i c r o c k s o f t h e G a r d e n G u l c h M e m b e r , k a o l i n i t e , 
i l l i t e , m i x e d - l a y e r c l a y a n d m o n t m o r i l l o n i t e a r e t h e d o m i r -
n a n t c l a y s , T h e c l a y m i n e r a l s i n o i l s h a l e a r e m o s t l y 
i l l i t e a n d m i x e d - l a y e r c l a y . C l a y i n t u f f a c e o u s s a n d s t o n e 
o f t h e U i n t a F o r m a t i o n i s i l l i t e a n d m o n t m o r i l l o n i t e . A l l 
o f t h e c l a y s t o n e o f t h i s s t u d y i s f r o m t h e l o w e r G r e e n 
R i v e r F o r m a t i o n a n d h a s a h i g h p r o p o r t i o n o f m i x e d - l a y e r 
c l a y , p r o b a b l y c h l o r i t e . 
M a r l s t o n e a n d o i l s h a l e a r e s i m i l a r i n m i n e r a l o g y 
( F i g . 2 5 ) a n d c o n s i s t o f a b o u t e q u a l a m o u n t s o f q u a r t z , 
a l b i t e , p o t a s s i u m f e l d s p a r a n d c a r b o n a t e . A n a l c i m e i s m o r e 
a b u n d a n t i n m a r l s t o n e t h a n i n o i l s h a l e a n d c a l c i t e i s m o r e 
a b u n d a n t t h a n d o l o m i t e , B r o b s t a n d T u c k e r ( 1 9 7 3 ) r e p o r t 
t h a t d o l o m i t e i s t h e m o s t i m p o r t a n t c a r b o n a t e i n m a r l s t o n e 
o f t h e P a r a c h u t e C r e e k M e m b e r . T h e m a r l s t o n e s t u d i e d h e r e 
i s f r o m t h e G a r d e n G u l c h M e m b e r a t D o u g l a s P a s s . A p p a r e n t l y , 
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I l l 
m a r l s t o n e a n d a n a l c i m e - r i c h c l a y s t o n e f r o m s h a l l o w - l a c u s ­
t r i n e e n v i r o n m e n t s i s m o r e l i k e l y t o h a v e c a l c i t e p r e s e n t 
t h a n d o l o m i t e , a n d t h e e n v i r o n m e n t o f o i l s h a l e d e p o s i t i o n 
h a s a n a f f i n i t y f o r d o l o m i t e p r o d u c t i o n . 
T h e v a r i o u s g r a d e s o f o i l s h a l e ( s e e A p p e n d i x 2 f o r 
d i s c u s s i o n o f h o w o r g a n i c c o n t e n t i n o i l s h a l e w a s e s t i m a t e d ) 
a r e v e r y s i m i l a r i n m i n e r a l o g y ( F i g . 2 5 ) . B a s e d o n r e l a t i v e 
p e a k h e i g h t , t h e l e a n , l o w , m o d e r a t e a n d r i c h o i l s h a l e s 
a r e c h a r a c t e r i z e d b y a p p r o x i m a t e l y e q u a l p r o p o r t i o n s o f 
a n a l c i m e , q u a r t z , a l b i t e a n d K - f e l d s p a r . V e r y r i c h o i l 
s h a l e ( b l a c k , N l ) h a s a h i g h e r p r o p o r t i o n o f a n a l c i m e , a s 
w a s f i r s t s u g g e s t e d b y E r o b s t a n d T u c k e r ( 1 9 7 3 , p . 2 8 ) . 
T h e d o m i n a n t m i n e r a l i n m o s t o i l s h a l e i s d o l o m i t e , e x c e p t 
i n v e r y r i c h o i l s h a l e w h e r e c a l c i t e p r e d o m i n a t e s . B r o b s t 
a n d T u c k e r ( 1 9 7 3 ) v e r i f y t h a t d o l o m i t e i s t h e m a j o r m i n e r a l 
i n o i l s h a l e a n d s u g g e s t t h a t c a l c i t e i s m o r e c o m m o n t o ­
w a r d s t h e t o p o f t h e P a r a c h u t e C r e e k M e m b e r ; m o s t o f t h e 
v e r y r i c h o i l s h a l e o f t h i s s t u d y i s f r o m t h i s i n t e r v a l o f 
t h e P a r a c h u t e C r e e k M e m b e r . 
I s o t o p i c v a r i a t i o n w i t h m i n e r a l o g y . T h e v a r i a t i o n o f 
S v a l u e s o f s u l f i d e s w i t h t h e m i n e r a l o g y o f t h e h o s t 
r o c k i s i l l u s t r a t e d i n F i g u r e 2 6 . F i g u r e 2 6 , l i k e F i g u r e 
2 5 , h a s t w o t y p e s o f X - r a y m i n e r a l o g i c d a t a . T h e v e r t i c a l 
s c a l e f o r d o l o m i t e a n d c a l c i t e i s t h e p e r c e n t a g e o f c a l c i t e 
a n d d o l o m i t e i n t h e t o t a l c a r b o n a t e ( c a l c i t e + c o l o m i t e = 
1 0 0 p e r c e n t ) , a n d w a s c a l c u l a t e d f r o m f i x e d - t i m e c o u n t s . 
T h e s u l f u r - i s o t o p e v a r i a t i o n o f s u l f i d e s w i t h t h e 
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Figure 26 . S l fur - isotope variation 
ineralogy of the host . 
of sulfides it  
1 1 3 
q u a r t z c o n t e n t o f t h e h o s t r o c k ( F i g . 2 6 e ) i n d i c a t e s v e r y 
l i t t l e c o r r e l a t i o n b e t w e e n t h e t w o v a r i a b l e s . O i l s h a l e , 
m a r l s t o n e a n d a n a l c i m e - r i c h c l a y s t o n e a l l g r o u p t i g h t l y b e ­
t w e e n 2 0 a n d 5 0 p e r m i l a n d 1 0 t o 3 5 c h a r t u n i t s . 
T h e s u l f u r - i s o t o p e c o m p o s i t i o n o f s u l f i d e s a l s o d o e s 
n o t c o r r e l a t e w e l l w i t h t h e a n a l c i m e c o n t e n t ( p e a k h e i g h t ) 
o f t h e h o s t r o c k ( F i g . 2 6 f ) . A n a l c i m e c o n t e n t v a r i e s f r o m 
n o n d e t e c t e d t o f u l l s c a l e a n d t h e s u l f u r - i s o t o p e v a l u e s 
a v e r a g e a b o u t 3 5 p e r m i l . T h e r e i s s o m e s u g g e s t i o n t h a t 
a s o i l s h a l e i n c r e a s e s i n a n a l c i m e t h e r e i s a d e p l e t i o n 
o f i n t h e s u l f i d e . 
T h e i s o t o p i c v a r i a t i o n w i t h t h e a l b i t e p e a k h e i g h t 
( F i g . 2 6 c ) i s s i m i l a r t o t h e v a r i a t i o n w i t h a n a l c i m e . 
G e n e r a l l y , t h e r e i s l i t t l e c o r r e l a t i o n b e t w e e n t h e 6-^ S 
v a l u e o f a p a r t i c u l a r s u l f i d e a n d t h e a l b i t e p e a k h e i g h t . 
S a n d s t o n e a n d s i l t s t o n e a r e i s o t o p i c a l l y t h e l i g h t e s t a n d 
h a v e t h e g r e a t e s t a l b i t e c o n t e n t s . 
T h e v a r i a t i o n o f 6 V S v a l u e s w i t h p o t a s s i u m f e l d s p a r 
c o n t e n t i s s i m i l a r t o t h e v a r i a t i o n w i t h q u a r t z ( F i g . 2 6 d ) . 
G e n e r a l l y , t h e r e i s a c l u s t e r i n g o f v a l u e s a n d l i t t l e s u g ­
g e s t i o n o f a t r e n d . A s w i t h q u a r t z a n d a l b i t e ( F i g s . 2 6 c , 
2 6 e ) , s a n d s t o n e a n d s i l t s t o n e a r e e n r i c h e d i n - ^ S c o m p a r e d 
t o o i l s h a l e a n d m a r l s t o n e , a n d h a v e a g r e a t e r p o t a s s i u m 
f e l d s p a r c o n t e n t . 
T h e m o s t p r o n o u n c e d c o r r e l a t i o n b e t w e e n s u l f u r - i s o t o p e 
c o m p o s i t i o n a n d m i n e r a l o g y i s w i t h c a l c i t e a n d d o l o m i t e . 
S i n c e t h e c a l c u l a t i o n o f t h e c a l c i t e a n d d o l o m i t e p e r c e n t a g e s 
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1 1 4 
i s b a s e d o n t h e t o t a l c a r b o n a t e , F i g u r e 2 6 a i s t h e i n v e r s e 
o f F i g u r e 2 6 b . F o r o i l s h a l e , m a r l s t o n e , a n a l c i m e - r i c h 
c l a y s t o n e , s a n d s t o n e a n d s i l t s t o n e , t h e r e i s a s t r o n g s u g ­
g e s t i o n t h a t a s t h e p e r c e n t a g e o f d o l o m i t e i n c r e a s e s i n 
3 4 
t h e h o s t r o c k , t h e 6-^ S v a l u e o f t h e s u l f i d e s a l s o i n c r e a s e s . 
3 4 
L i k e w i s e , t h e c a l c i t e c o n t e n t d e c r e a s e s a s t h e bJ S i n c r e a s e s . 
T h e s a m p l e s l o w i n d o l o m i t e h a v e s u l f i d e s t h a t a v e r a g e 
a b o u t 2 0 p e r m i l . S a m p l e s w i t h a b o u t 5 0 p e r c e n t d o l o m i t e 
a v e r a g e a b o u t 3 0 p e r m i l , a n d s a m p l e s w i t h o v e r 5 0 p e r c e n t 
d o l o m i t e a v e r a g e 3 5 t o 4 0 p e r m i l . I n a p r e v i o u s s t u d y , 
C o l e a n d o t h e r s ( 1 9 7 3 ) f o u n d t h a t i n o i l s h a l e , m a r l ­
s t o n e a n d m i c r i t e , t h e r e w a s a c o r r e l a t i o n b e t w e e n t h e o x y -
1 8 
g e n - i s o t o p e c o m p o s i t i o n ( 6 O p n g ) o f ^ e c a r b o n a t e a n d t h e 
d o l o m i t e c o n t e n t . A s t h e s a m p l e s b e c a m e m o r e d o l o m i t i c , 
t h e 6 0 v a l u e i n c r e a s e d ( e n r i c h m e n t i n 0 ) . 
3 4 
T o s u m m a r i z e , t h e v a r i a t i o n o f t h e 6 ^ S v a l u e s w i t h 
h o s t - r o c k m i n e r a l o g y s h o w s l i t t l e p o s i t i v e c o r r e l a t i o n 
e x c e p t f o r c a l c i t e a n d d o l o m i t e r e l a t i v e p r o p o r t i o n s . T h e 
s u l f i d e s f r o m d o l o m i t i c s a m p l e s , e s p e c i a l l y o i l s h a l e s , a r e 
3 4 
m o r e e n r i c h e d i n J S t h a n c a l c i t e - r i c h s a m p l e s . T h e r e a p -
3 4 
p e a r s t o b e l i t t l e c o r r e l a t i o n b e t w e e n hJ S v a l u e s a n d t h e 
p e a k h e i g h t s o f q u a r t z , a l b i t e , K - f e l d s p a r a n d a n a l c i m e . 
S u l f u r - i s o t o p e v a r i a t i o n w i t h 
o r g a n i c c o n t e n t o f o i l s h a l e 
O i l s h a l e i s d i s t i n g u i s h e d f r o m m a r l s t o n e a n d o t h e r f i n e ­
g r a i n e d r o c k s o f t h e G r e e n R i v e r F o r m a t i o n b y i t s o r g a n i c 
c o n t e n t . A r o c k w i t h m o r e t h a n t h r e e g a l l o n s p e r t o n o f 
 
   ~  t ,     inverse
 i  .   l , rl t , analcim rich 
,   ,    s ug-
    ta   it   in
the host rock, the 6 S value of the sulfides also increases . 
Likewise, the calcite content decreases as the 6 s increases. 
The samples low in dolomite have sulfides that average 
about 20 permil. Samples with about 50 percent dolomite 
average about )0 permil, and sampl es with over 50 percent 
dolomite average 35 to 40 permil. In a previous study, 
Cole and others (1973 ) found that in oil shale, marl-
stone and micrite, there was a correlation between the oxy-
gen-isotope composition (6l80pDB) of the carbonate and the 
dolomite content. As the sam les became more dolomitic, 
the 6180 valu  increased (enrichment in 180 ). 
To summarize, the variat on of the 6348 values with 
host-rock mineralogy shows little positive correlation 
except for calcite and dolomite relative proportions. The 
sulfides from dolomitic sa~ples, especially oil shales, are 
more enriched in 34S than calcite-rich samples. There ap-
pears to be little correlation between 634S values and the 
peak heights of quartz, albite, K-feldspar and analcime. 
Sulfur-isotope variation with 
organic content of oi l s hale 
Oil shale is distinguished from marlstone and other fine-
grained rocks of the Green River Formation by its organic 
content. A rock with more tha~ three gallons per ton of 
1 1 5 
r e t o r t a b l e o r g a n i c m a t t e r i s c o n s i d e r e d o i l s h a l e ( T r u d e l l 
a n d o t h e r s , 1 9 7 0 ? B r o b s t a n d T u c k e r , 1 9 7 3 ) . 
E s t i m a t i o n o f o r g a n i c m a t t e r . T h e o i l c o n t e n t i n o i l 
s h a l e s c o l l e c t e d a t t h e f o u r m e a s u r e d s e c t i o n s w a s n o t 
d e t e r m i n e d a n a l y t i c a l l y . I n s t e a d , t h e o r g a n i c c o n t e n t w a s 
e s t i m a t e d v i s u a l l y i n a m a n n e r s u g g e s t e d b y B r o b s t a n d 
T u c k e r ( 1 9 7 3 ) . I n t h i s m e t h o d , t h e d a r k n e s s o f t h e c o l o r 
( b r o w n s a n d b l a c k s ) i s u s e d t o e s t i m a t e t h e r e t o r t a b l e o i l 
c o n t e n t . T h e d a r k e r t h e o i l s h a l e , t h e g r e a t e r i t s o r g a n i c 
m a t t e r . A m o r e c o m p l e t e e x p l a n a t i o n o f o i l - c o n t e n t e s t i m a ­
t i o n i s g i v e n i n A p p e n d i x 2 , 
I s o t o p i c v a r i a t i o n . T h e r e s u l t s o f t h e v a r i a t i o n o f 
s u l f u r - i s o t o p e r a t i o s o f s u l f i d e s w i t h t h e r e l a t i v e o r g a n i c 
c o n t e n t o f t h e h o s t o i l s h a l e i s s h o w n i n F i g u r e 2 7 . T h e 
r o c k s f r o m w h i c h t h e s u l f i d e s w e r e t a k e n w e r e r a n k e d i n 
d e c r e a s i n g o r d e r o f c o l o r d a r k n e s s . T h e s u l f i d e s c o n s i s t e d 
o f m o s t l y p y r i t e , b u t m a r c a s i t e a n d p y r r h o t i t e w e r e a l s o 
p r e s e n t . A l l t h e s u l f i d e s w e r e d i s s e m i n a t e d m i c r o b o d i e s . 
T h e o i l c o n t e n t o f t h e o i l s h a l e w a s e s t i m a t e d t o r a n g e 
f r o m l e s s t h a n 5 "to o v e r 5 0 g a l l o n s p e r t o n ( g p t ) . T h e 
r i c h e r g r a d e s o f o i l s h a l e a r e f r o m t h e R i o B l a n c o a n d 
M o u n t L o g a n m e a s u r e d s e c t i o n s . T h e l e a n e r s a m p l e s a r e f r o m 
t h e D o u g l a s P a s s s e c t i o n . 
3 4 
A g o o d c o r r e l a t i o n w a s f o u n d b e t w e e n t h e bJ S v a l u e s 
o f t h e s u l f i d e a n d t h e e s t i m a t e d o r g a n i c c o n t e n t o f t h e 
h o s t o i l s h a l e ( F i g . 2 7 ) . S u l f i d e s i n l o w - g r a d e o i l s h a l e 
( u p t o 1 5 g p t ) a r e d e p l e t e d i n ^ S c o m p a r e d t o t h e r e s t o f 
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A good correlation was found between the 6J S values 
of the sulfide and the estimated organic content of the 
host oil shale (Fig. 27) . Sulfides in low-grade oil shale 
(up to 15 gpt) are depleted in 34S compared to the rest of 
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F i g u r e 2 ? , S u l f u r - i s o t o p e v a r i a t i o n o f s u l f i d e s w i t h t h e 
e s t i m a t e d o r g a n i c c o n t e n t o f t h e h o s t r o c k s . S e e t e x t 
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t h e S a m p l e s a n d a v e r a g e a b o u t 2 7 p e r m i l . S u l f i d e s i n o i l 
s h a l e o f m o d e r a t e g r a d e ( 1 5 t o 2 5 g p t ) s h o w t h e g r e a t e s t 
3 4 
e n r i c h m e n t i n J S a n d a v e r a g e a b o u t 4 2 p e r m i l . T h e s u l f i d e s 
i n t h e r i c h e s t g r a d e s o f o i l s h a l e ( 2 5 t o g r e a t e r t h a n 5 0 
g p t ) s h o w a g r a d u a l d e c r e a s e i n - ^ S w i t h i n c r e a s i n g o r g a n i c 
c o n t e n t . 
O n e c o u l d b e p r o m p t e d t o c o n c l u d e f r o m F i g u r e 2 7 t h a t 
t h e o b s e r v e d t r e n d i s c a u s e d b y d i f f e r e n c e s i n l i t h o l o g y a t 
t h e m e a s u r e d s e c t i o n s ( i . e . , t h e D o u g l a s P a s s s a m p l e s a r e 
3 4 
t h e l e a s t e n r i c h e d i n J S o f t h e g r o u p , a n d t h e M o u n t L o g a n 
3 4 
a n d R i o B l a n c o s a m p l e s a r e m o r e e n r i c h e d i n J S ) . I n s p e c ­
t i o n o f F i g u r e 1 8 r e v e a l s , h o w e v e r , t h a t t h e s u l f i d e s i n 
o i l s h a l e ( P a r a c h u t e C r e e k M e m b e r ) a t R i o B l a n c o , D o u g l a s 
3 4 
P a s s a n d M o u n t L o g a n h a v e a b o u t t h e s a m e 6 ^ S r a n g e s a n d 
3 4 
m e a n s . T h u s , i t i s s u g g e s t e d t h a t t h e bJ S v a r i a t i o n w i t h 
o i l c o n t e n t ( d a r k n e s s o f c o l o r ) i s r e a l a n d i s n o t b e c a u s e 
o f d i f f e r e n c e s i n l i t h o l o g y a t t h e t h r e e s a m p l i n g l o c a t i o n s . 
T o f u r t h e r v e r i f y t h e p o s i t i v e c o r r e l a t i o n b e t w e e n 
o r g a n i c c o n t e n t i n o i l s h a l e a n d t h e s u l f u r - i s o t o p e c o m ­
p o s i t i o n o f s u l f i d e s , s a m p l e s f r o m t h e V/0SC0 d r i l l c o r e 
w e r e p l o t t e d ( F i g . 2 8 ) i n a m a n n e r s i m i l a r t o F i g u r e 2 7 . 
O i l y i e l d d a t a b y m o d i f i e d F i s h e r r e t o r t i n g m e t h o d s w a s 
a v a i l a b l e f o r t h i s c o r e ( C - E - R - G e o n u c l e a r , u n p u b l i s h e d 
r e p o r t ) . T h e s a m p l e s t a k e n f r o m t h e W0SC0 c o r e a r e a l l o i l 
s h a l e a n d m a r l s t o n e f r o m t h e P a r a c h u t e C r e e k M e m b e r . 
S u l f i d e s i n c l u d e d p y r i t e , m a r c a s i t e a n d p y r r h o t i t e . T h e 
o i l y i e l d f o r t h e h o s t r o c k s r a n g e d f r o m 3 t o 1 9 g p t ( s e e 
A p p e n d i x 2 f o r l i s t i n g o f o i l - y i e l d d a t a ) . 
 
 £ pl   ge t  il. lfi es   
 f      t)   great  
enrichment in 3 S and average about 42 permil. The sulfides 
in the richest grades of oil shale (25 to greater than 50 
t) h d 1 d . 3/•S . th . . . gp 5 ow a gra ua ecrease 1n W1 1ncreaslng organlc 
content. 
One could be prompted to conc l ude from Figure 27 that 
the observed trend is caused by differences in lithology at 
the measured sections (i. e. I the Douglas Pas s sampl es are 
the least enriched i n 34S of the group , and the Mount Lo gan 
and Rio Bl anco samp l es are more enriched in 34S ) . Inspec -
tion of Figure 1 8 r eveals , h wever, t at the sulfides in 
oil shale (Parachut  Creek Member) at Rio Blanco, Dougl as 
Pass and Mount Logan hav  about the same 634S ranges and 
means. ThUS, it is sugg sted hat the 634S variation with 
oil content (darkness of co lor ) i s real and i s not because 
of differences in lithology at the three sampl i ng locations . 
To further verify the positive correlation between 
organic content in oil s hale and t he sulfur-isotope com-
position of sulfides, sampl es from the wasco drill core 
were plotted (Fig . 28) in a manner s i milar to Figure 27 . 
Oil yield data by modified Fisher r etorting methods was 
available for this core (C-E- R-Geonucl ear, unpublished 
report) . The samples taken from the VlOSCO core are all oil 
shale and murlstone from the Parachute Creek Member. 
Sulfides included pyrite, marcasite and pyrrhotite. The 
oil yield for the host rocks r anged from 3 to 19 gpt (see 
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1 1 9 
F i g u r e 2 8 d e m o n s t r a t e s a p o s i t i v e c o r r e l a t i o n b e t w e e n 
3 4 
o i l y i e l d a n d bJ S v a l u e s , b u t t h e c o r r e l a t i o n i s n o t a s 
c l e a r a s i n F i g u r e 2 7 , G e n e r a l l y , o i l s h a l e s w i t h l o w 
o r g a n i c c o n t e n t s a r e t h e m o s t d e p l e t e d i n . S a n d s u l f i d e s 
3 4 
f r o m t h e r i c h e r g r a d e s h a v e a g r e a t e r p r o p o r t i o n o f J S . 
I f F i g u r e s 2 7 a n d 2 8 a r e c o m p a r e d , i t s h o u l d b e e v i d e n t 
t h a t a l l o f t h e s a m p l e s f r o m t h e WOSCO c o r e ( F i g . 2 8 ) p l o t 
i n t h e l o w e r o n e - h a l f o f F i g u r e 2 7 , i n t h e 1 5 t o 2 5 g p t 
r a n g e . T h e r e f o r e , t h e l i n e a r t r e n d i n F i g u r e 2 8 c o r r e s ­
p o n d s t o t h e n e a r l y l i n e a r t r e n d i n t h e 3 t o 2 5 g p t r a n g e 
o f F i g u r e 2 7 . 
I t c a n b e c o n c l u d e d f r o m F i g u r e s 2 7 a n d 2 8 t h a t t h e r e 
3 4 
i s a f a i r l y g o o d c o r r e l a t i o n b e t w e e n t h e bJ S v a l u e s o f 
s u l f i d e s a n d t h e o r g a n i c c o n t e n t o f t h e s u l f i d e h o s t r o c k . 
S u l f i d e s i n o i l s h a l e f r o m 3 t o 2 5 g p t ( F i g . 2 8 ) s h o w 
3 4 
g r a d u a l e n r i c h m e n t o f J S w i t h i n c r e a s i n g o r g a n i c c o n t e n t . 
S u l f i d e s i n m o d e r a t e - g r a d e o i l s h a l e ( 1 5 t o 3 0 g p t ) a r e 
3 4 
t h e m o s t e n r i c h e d i n J S ( F i g . 2 7 ) , a n d s u l f i d e s i n t h e 
r i c h t o v e r y r i c h o i l s h a l e s s h o w a g r a d u a l d e c r e a s e i n 
3 4 
* S w i t h i n c r e a s i n g o r g a n i c c o n t e n t . 
S u l f u r - i s o t o p e v a r i a t i o n i n 
c o n t e m p o r a n e o u s s u l f i d e b o d i e s 
M o s t o f t h e s u l f i d e s o f t h i s s t u d y a r e d i s s e m i n a t e d 
m i c r o b o d i e s , A l e s s e r n u m b e r a r e v i s i b l e b l e b s , s t r e a k s , 
l a m i n a e a n d b o u d i n a g e s t r u c t u r e s . T h e s e l a r g e r s u l f i d e 
b o d i e s w e r e o f t e n n u m e r o u s e n o u g h i n t h e f i e l d s o t h a t 
m o r e t h a n o n e c o u l d b e t a k e n f r o m t h e s a m p l i n g h o r i z o n , 
 
  t     between
oil yield and 6 S values, but the correlation is not as 
clear as in Figure 27. Generally, oil s hales with low 
organic contents are the most depleted in 34S and sulfides 
from the richer grades have a greater proportion of 34s . 
If Figures 27 and 28 are compared, it should be evident 
that all of the samples from the WOSCO core (Fig . 28 ) plot 
in the lower one-half of Figure 27, in the 15 to 25 gpt 
range. Therefore , th e linear trend in Figure 28 corres-
ponds to the nearly linear trend in the 3 to 25 gpt range 
of Figure 27 . 
It can be concluded from Figures 27 and 28 that there 
is a fairly good correlation between the 634s values of 
sulfides and the organic content of the sulfide host rock. 
Sulfides in oil shale from 3 to 25 gpt (Fi g . 28) s how 
gradual enrichment of J4s with increasing organic content. 
Sulfides in moderate-grade oil shale (15 to 30 gpt) are 
the mo t e riched in 34s (Fig . 27), and sulfide s in th  
rich to v ry rich oil shal es show a gradual crease in 
J4S with increasing organic content. 
lf r-isotope i t i  in
te s  bodi
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1 2 0 
C o n t e m p o r a n e o u s s u l f i d e s v / e r e c o l l e c t e d m a i n l y f r o m t h e 
P a r a c h u t e C r e e k M e m b e r ; a l e s s e r n u m b e r w e r e t a k e n f r o m t h e 
D o u g l a s C r e e k a n d G a r d e n G u l c h M e m b e r s a n d t h e U i n t a 
F o r m a t i o n . A s u m m a r y o f s u l f u r - i s o t o p e d a t a f o r c o n t e m p o r ­
a n e o u s s u l f i d e s i s p r e s e n t e d i n T a b l e 2 . T h e g r e a t e s t 
3 4 
d i f f e r e n c e i n 6 ^ S v a l u e s o f c o n t e m p o r a n e o u s s u l f i d e s i s 
3 0 . 3 4 p e r m i l a n d t h e l e a s t i s 0 , 0 1 p e r m i l . G e n e r a l l y , t h e 
3 4 
m u l t i p l e s u l f i d e s f r o m o i l s h a l e s h o w a m o r e u n i f o r m 6 ^ S 
c o m p o s i t i o n t h a n s u l f i d e s f r o m m a r l s t o n e a n d t e r r i g e n o u s 
r o c k s ( T a b l e 2 ) . 
V a r i a t i o n i n t h e D o u g l a s C r e e k M e m b e r . T o d e m o n s t r a t e 
t h e v a r i a b i l i t y o f s u l f u r - i s o t o p e c o m p o s i t i o n w i t h l a t e r a l 
d i s t a n c e a l o n g a b e d d i n g p l a n e , t e n s u l f i d e s a m p l e s 
( D C T - 2 3 g r o u p , T a b l e 2 ) w e r e c o l l e c t e d f r o m a n o d u l a r m a r l ­
s t o n e a n d a n a l c i m e - r i c h s i l t s t o n e o u t c r o p o f t h e D o u g l a s 
C r e e k M e m b e r a t D o u g l a s P a s s . T h e s a m p l i n g h o r i z o n w a s 2 
t o 3 cm t h i c k a n d 1 ? m i n l e n g t h . T h e s u l f i d e s a r e a l l 
p y r i t e . X - r a y d i f f r a c t i o n a n a l y s i s o f t h e h o s t r o c k i n d i ­
c a t e s t h a t a n a l c i m e a n d c a l c i t e a r e t h e m o s t a b u n d a n t m i n e r ­
a l s , a n d q u a r t z , K - f e l d s p a r a n d a l b i t e a r e s u b o r d i n a t e . 
D o l o m i t e i s a b s e n t . T h e s u l f i d e b o d i e s c o n s i s t o f i s o l a t e d 
p o d s ( F i g s , 1 9 d , 2 9 ) a n d b o u d i n a g e s t r u c t u r e s , a n d r a n g e 
i n l e n g t h f r o m 1 t o 5 e m , i n w i d t h f r o m 0 . 5 t o 2 . 0 c m , a n d 
i n t h i c k n e s s f r o m 0 . 5 t o 1 . 5 c m . 
I s o t o p i c a s s a y o f t h e t e n s u l f i d e s s h o w s a h i g h v a l u e 
o f 3 9 . 8 p e r m i l , a l o w v a l u e o f 2 4 . 3 p e n c i l , a r a n g e o f 1 5 . 5 
p e r m i l , a n d a m e a n o f 3 0 . 4 p e r m i l . T h e v a r i a t i o n o f 
 
co r  s w     th
t   ;       th
u l     ul  e    t
ati .    - is t e   contem r-
 l     l    greatest
difference in 6 S value s of contemporaneous sulfides is 
    t  .  il. erall , the
multiple sulfides from oil shale show a more uniform 6 5 
compo s ition than sulfides from marlstone and terrigenous 
rocks (Table 2). 
Variation in the Doue las Creek Member. To demonstrate 
the variability of sulfur- isotope composition with lateral 
distance along a bedding plane, ten sulfide samples 
(DCT-23 group , Table 2) were collected ~omanodular marl-
stone and analcime-rich siltstone outcr~ of the Douglas 
Creek Member at Douglas Pass. The sampling horizon was 2 
to 3 em thick and 17 m in length. The sJlfides are all 
pyrite . X-ray diffraction analysis of the host rock indi-
cates that analcime and calcite are the most abundant miner-
als , and quartz, K-feldspar and albite are subordinate. 
Dolomite i s abse~~. The sulfide bodies consist of isolated 
pods (Figs. 19d, 29) and boudinage structures, and range 
in length from 1 to 5 cm, in width from 0 .5 to 2.0 cm, and 
in thickness from 0.5 to 1.5 em. 
I sotopic as say of the ten sulfides shows a high value 
of 39. 8 permil, a low va lue of 24.3 permil, a range of 15 . 5 
permil, and a ~ean of 30.4 permil. The variati on of 6345 
1 2 1 
T a b l e 2 . S u l f u r - i s o t o p e v a r i a t i o n i n t i m e - c o n t e m p o r a n e o u s 
i r o n - s u l f i d e b o d i e s f r o m v a r i o u s h o s t - r o c k l i t h o l o g i e s 
S 8 m l l e i T . t N * 3 * S ^ g e 6 ^ S m e a n n u m b e r r o c k to 
D C T - 2 3 m a r l s t o n e 1 0 2 4 . 3 t o 3 9 . 8 3 0 . 4 
D C T - 2 8 m a r l s t o n e 4 1 . 6 t o 7 , 9 3 . 7 
P a r a c h u t e C r e e k M e m b e r ( v a r i o u s i l o c a t i o n s ) 
D P R - l 6 l l e a n o i l s h a l e 3 2 6 , 7 t o 3 0 . 7 2 8 . 8 
R B P - 8 8 l e a n o i l s h a l e 2 4 0 . 5 t o 4 1 . 3 4 0 . 9 
R B P - 9 5 m o d o i l s h a l e 2 4 0 . 5 t o 4 3 . 8 4 0 . 2 
w o s - 1 ' 7 l w - m o d o i l s h a l e 2 3 2 , 2 t o 3 2 . 2 3 2 . 2 
w o s - 1 9 m o d - r o i l s h a l e 2 2 9 . 4 t o 3 2 . 2 3 0 . . 8 
I C - 1 - 2 m a r l s t o n e 2 2 8 . 1 t o 2 8 . 2 2 8 . 2 
G r e e n R i v e r F o r m a t i o n u n d i v i d e d ( G r a n d M e s a ) 
GM-5 s i l t s t o n e 1 3 - 1 2 , 6 t o 1 7 . 7 6 . 1 
U i n t a F o r m a t i o n ( R i o B l a n c o ) 
R B C - 3 s a n d s t o n e 4 3 . 4 t o 2 5 . 9 1 5 . O 
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1 2 2 
v a l u e s w i t h l a t e r a l p o s i t i o n ( F i g . 2 9 ) s h o w s n o c o n s i s t e n t 
v a r i a t i o n . V a l u e s f l u c t u a t e f r e e l y a n d n o c o r r e l a t i o n w a s 
f o u n d b e t w e e n t h e m a s s o f t h e s u l f i d e b o d y a n d i t s o- S 
v a l u e . 
I n t h e s a m e s t r a t i g r a p h i c z o n e a s t h e D C T - 2 3 s u l f i d e s , 
o t h e r n o n - b e d d e d s u l f i d e s a r e a l s o p r e s e n t . T h e s e s u l f i d e s 
( D C T - 2 8 g r o u p , T a b l e 2 ) c o n s i s t o f d i s s e m i n a t e d c u b e s a n d 
s p h e r u l e s o f p y r i t e i n s t r u c t u r e l e s s m a r l s t o n e . T h e m i n ­
e r a l o g y o f t h e h o s t r o c k i s s i m i l a r t o t h a t o f D C T - 2 3 . 
T h e s p h e r u l e s a n d c u b e s ( F i g . 2 1 b ) r a n g e i n s i z e f r o m l e s s 
t h a n 1 mm u p t o 1 c m . M o s t a r e n e a r l y s p h e r i c a l ( s p h e r i c i t y 
i n d e x e s f r o m 0 . 9 3 t o O . 9 6 ; F o l k , 1 9 7 4 , . p . 8 ) a n d u n i f o r m i n 
s i z e . T h e w e i g h t s o f t h e s p h e r u l e s r a n g e f r o m 0 . 0 1 8 t o 
0 . 0 4 3 g m . 
T h e s u l f u r - i s o t o p e c o m p o s i t i o n s o f f o u r s p h e r u l e s 
( T a b l e 2 ) c o l l e c t e d f r o m a n o u t c r o p f a c e a b o u t 0 . 5 m i n 
3 4 
a r e a h a v e a t o t a l r a n g e i n 6 ^ S v a l u e s f r o m 1 . 6 t o 7 . 9 p e r ­
m i l a n d a m e a n o f 3 . 7 p e r m i l . 
V a r i a t i o n i n a l a r g e s u l f i d e c o n c r e t i o n . A f e w o f t h e 
3 4 
i n i t i a l 6 V S d e t e r m i n a t i o n s i n d i c a t e d t h a t d i f f e r e n t z o n e s 
3 4 
o f l a r g e s u l f i d e c o n c r e t i o n s h a d d i f f e r e n t 6 ^ S c o m p o s i t i o n s . 
A s i m i l a r p h e n o m e n o n i s r e p o r t e d b y J e n s e n ( 1 9 6 5 ) . He 
f o u n d a 4 0 p e r m i l s p r e a d o f v a l u e s f o r d i f f e r e n t p o r ­
t i o n s o f a f l a t t e n e d p y r i t e c o n c r e t i o n f r o m t h e A d a v i l l e 
F o r m a t i o n ( C r e t a c e o u s ) , K e m m e r e r , W y o m i n g . J e n s e n ' s s t u d y 
a l s o s h o w s t h a t t h e h e a v i e s t v a l u e s a r e i n t h e i n t e r i o r o f 
t h e c o n c r e t i o n a n d t h e l i g h t e s t v a l u e s a r e n e a r t h e m a r g i n . 
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area have a total range in 0 5 values from 1.6 to 7.9 per-
mil and a mean of 3.7 permil. 
Variation in a large sulfide concretion. A few of the 
initial 0345 determinations indicated that different zones 
of large sulfide concretions had different 634S compositions, 
A similar phenomen  is reporte  by J nsen (1965). He 
found a 40 p rmil spread of 034S valu s fo r different por-
tio s of a flattened pyrite concretion from the Adaville 
Formation (Cre aceous) , K mmerer, Wyoming . Jensen's study 
also sh ws tha  the heavi st values are in th  interior of 
the concretion and t  l ghtest values are near th  margin. 
F i g u r e 2 9 . S u l f u r - i s o t o p e v a r i a t i o n o f c o n t e m p o r a n e o u s p y r i t e p o d s i n n o d u l a r m a r l ­
s t o n e ( F i g . 1 9 d ) , l o w e r D o u g l a s C r e e k M e m b e r , D o u g l a s P a s s . 
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1 2 4 
T o t e s t t h e v a r i a t i o n o f r S i n a l a r g e s u l f i d e c o n ­
c r e t i o n f r o m t h e G r e e n R i v e r F o r m a t i o n , a s l a b o f s a m p l e 
GM-5 ( T a b l e 2 ) w a s c u t w i t h a d i a m o n d s a w i n t o t e n c u b e s 
( 1 . 2 5 cm t o a s i d e ) . S a m p l e GM-5 w a s c o l l e c t e d o n t h e s o u t h 
s i d e o f G r a n d M e s a ( F i g . 1 ) f r o m a n u n d i v i d e d p o r t i o n o f 
t h e G r e e n R i v e r F o r m a t i o n . T h e c o n c r e t i o n w a s d i s c o i d a l a n d 
m e a s u r e d 1 0 cm i n d i a m e t e r a n d 5 cm t h i c k . T h e h o s t r o c k 
c o n s i s t e d o f g r e e n , c l a y e y s i l t s t o n e a n d i n t e r b e d d e d b r o w n 
s a n d s t o n e . 
T h e s l a b a n d t h e t e n c u b e s a r e i l l u s t r a t e d i n F i g u r e 
3 0 . T h e f a b r i c o f t h e s u l f i d e c o n s i s t s o f d i s c o n t i n u o u s 
s t r e a k s a n d a n g u l a r p a t c h e s o f m e t a l l i c s u l f i d e ( m a r c a s i t e 
? ) i n a g r a n u l a r g r o u n d m a s s o f d a r k e r , m a s s i v e p y r i t e . 
X - r a y d i f f r a c t i o n a n a l y s i s i n d i c a t e s p y r i t e o n l y . T h e m e t a l ­
l i c z o n e s p r o b a b l y r e p r e s e n t p y r i t e r e c r y s t a l l i z e d f r o m 
m a r c a s i t e . 
T h e s p r e a d o f 6 - ^ S v a l u e s ( T a b l e 2 ) f o r t h e s u l f i d e 
s e p a r a t e s f r o m GM-5 i s 3 0 . 3 p e r m i l a n d t h e m e a n i s 6 . 7 p e r ­
m i l . S u l f i d e p o r t i o n s f r o m t h e l o w e r t i e r o f c u b e s ( F i g . 
% 3 4 
3 0 ) a r e d e p l e t e d i n J S u p t o 1 0 p e r m i l c o m p a r e d t o t h e s u l ­
f i d e s i n t h e u p p e r t i e r . B o t h t i e r s , h o w e v e r , s h o w a c o n -
3 4 
i s t e n t d e p l e t i o n o f ^ S t o w a r d t h e m a r g i n o f t h e c o n c r e t i o n . 
O n e o f t h e c u b e s ( n u m b e r 4 , F i g . 3 0 ) w a s c u t i n t o f o u r 
s m a l l e r c u b e s . T h e s e f r a c t i o n s s h o w a r a n g e f r o m 5 . 1 t o 
1 7 . 7 p e r m i l . T h i s v a r i a t i o n o v e r a s m a l l a r e a i s s u r p r i s i n g 
3 4 
a n d s u g g e s t s t h a t t h e t o t a l v a r i a t i o n o f 6 J S v a l u e s i n t h e 
s u l f i d e c o n c r e t i o n i s p o s s i b l y m u c h g r e a t e r t h a n i n d i c a t e d 
b y F i g u r e 3 0 , 
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   34       sulf~ e
t     il      per-
il  l     r    (Fi
30) are depleted in 3 S up to 10 permil compared to the sUl-
    .   ,   con-
is tent depletion of 3 S toward the margin of the concretion. 
One of the cubes (numbe r 4, Fig. )0) was cut into four 
smaller cubes. These fractions show a ra~ge from 5 .1 to 
17.7 permil. This variation over a small area is surprising 
and suggests that the total variation of 6345 values in the 
sulfide concretion is p ssibly much greater than indicated 
by Figure 30. 
F i g u r e 3 0 . S u l f u r - i s o t o p e v a r i a t i o n i n a s l a b o f a l a r g e s u l f i d e c o n c r e t i o n ( G M - 5 ) , 
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V a r i a t i o n i n o i l s h a l e . T h e v a r i a t i o n i n t h e s u l f u r 
i s o t o p e c o m p o s i t i o n o f c o n t e m p o r a n e o u s s u l f i d e s i n o i l 
s h a l e i s l e s s t h a n t h e v a r i a t i o n i n m a r l s t o n e a n d t e r r i g e n ­
o u s r o c k s . T h e w i d e s t s p r e a d o f v a l u e s i s a b o u t 4 p e r m i l 
f o r t h r e e s u l f i d e b l e b s ( D P R - 1 6 1 , T a b l e 2 ) c o l l e c t e d a l o n g 
a b e d d i n g p l a n e ( 2 . 6 m t o t a l d i s t a n c e ) i n t h e u p p e r P a r a ­
c h u t e C r e e k M e m b e r a s D o u g l a s P a s s . 
V a r i a t i o n i n s a n d s t o n e . F o u r p y r i t e n o d u l e s f r o m a n 
a n a l c i m e - r i c h , c r o s s - s t r a t i f i e d s a n d s t o n e b o d y i n t h e U i n t a 
F o r m a t i o n n e a r R i o B l a n c o r a n g e d f r o m 3 . ^ t o 2 5 . 9 p e r m i l 
( T a b l e 2 ) a n d a v e r a g e d 1 5 . 0 p e r m i l . T h e s u l f i d e s h a d 
i r r e g u l a r , j a g g e d s h a p e s a n d w e r e o r i e n t e d p a r a l l e l t o t h e 
p o o r l y d e v e l o p e d c r o s s - s t r a t i f i c a t i o n ( s i m i l a r t o F i g . 1 9 c ) 
S u m m a r y a n d d i s c u s s i o n . T h e l a t e r a l v a r i a t i o n i n s u l ­
f u r - i s o t o p e c o m p o s i t i o n o f c o n t e m p o r a n e o u s s u l f i d e b o d i e s 
i s c o n s i d e r a b l e a n d i s g r e a t e s t i n n o n - o i l s h a l e l i t h o l o g i e 
T h e v a r i a t i o n i s l e a s t i n o i l s h a l e a n d g e n e r a l l y d o e s n o t 
e x c e e d 4 p e r m i l . T h e v a r i a t i o n i n m a r l s t o n e , s a n d s t o n e 
a n d a n a l c i m e - r i c h s i l t s t o n e a n d c l a y s t o n e i s l a r g e r a n d 
e x c e e d s 2 0 p e r m i l . T h e v a r i a t i o n w i t h i n a s i n g l e p y r i t e 
c o n c r e t i o n e x c e e d s 3 0 p e r m i l a n d s h o w s p r o g r e s s i v e d e p l e -
? 4 
t i o n o f -* S t o w a r d s t h e m a r g i n o f t h e c o n c r e t i o n . 
T h e v a r i a b i l i t y i n s u l f u r - i s o t o p e v a l u e s i s p r o b a b l y 
b e c a u s e o f t h e v a r i a b l e a c t i v i t y o f s u l f a t e - r e d u c i n g b a c ­
t e r i a l . R e e s ( 1 9 7 3 ) h a s s h o w n ( F i g . 1 5 ) t h a t v a r i a t i o n s 
i n t h e s u l f a t e s u p p l y , o r g a n i c m a t t e r s u p p l y a n d b a c t e r i a l 
p o p u l a t i o n d e n s i t y c a n a f f e c t t h e f r a c t i o n a t i o n o f s u l f u r 
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The variability in su lfur-isotope values i s probably 
because of the var iable activity of sulfate -reducing bac-
t erial . Rees ( 1973 ) has shown (Fig . 1 5) that variations 
in the sulfate supply , organic matt er supply and bacter ial 
population density can affect the fractionat ion of sulfur 
1 2 ? 
i s o t o p e s . I t i s p r o b a b l e t h a t t h e e x t r e m e v a r i a t i o n , s u c h 
a s f o r s a m p l e s D C T - 2 3 a n d R B C - 3 , i s c a u s e d b y d i f f e r e n c e s 
i n c o n t e m p o r a n e o u s m i c r o e n v i r o n m e n t s . A t t h e t i m e o f s u l f i d e 
d e p o s i t i o n , i t i s r e a s o n a b l e t o a s s u m e t h a t t h e s u l f a t e 
s u p p l y a n d t h e 6 ^ S c o m p o s i t i o n o f t h e s u l f a t e w a s f a i r l y 
u n i f o r m ( t h e p o r o s i t y o f t h e h o s t r o c k i s g e n e r a l l y u n i f o r m ) . 
T h e r e f o r e , t h e v a r i a t i o n o f o n e m i c r o e n v i r o n m e n t w i t h r e s p e c t 
t o a n a d j a c e n t o n e i s p r o b a b l y b e c a u s e o f t h e o r g a n i c -
m a t t e r c o n t e n t . T h e s u l f i d e p o d s s u g g e s t t h a t t h e y f o r m e d 
a r o u n d a z o n e o f o r g a n i c r e m a i n s ; a d a r k r e s i d u e i s v i s i b l e 
i n t h e i n t e r i o r o f s o m e s u l f i d e b o d i e s . 
T h e s m a l l e r v a r i a t i o n o f s u l f u r i s o t o p e v a l u e s i n 
s y n d e p o s i t i o n a l b l e b s i n o i l s h a l e i s a r e f l e c t i o n o f m o r e 
u n i f o r m d e p o s i t i o n a l c o n d i t i o n s . M i c r o e n v i r o n m e n t s , s u c h 
a s p o s t u l a t e d b y K a p l a n a n d o t h e r s ( 1 9 6 3 ) f o r d e e p - o c e a n 
b a s i n s , p r o b a b l y e x i s t e d d u r i n g o i l s h a l e d e p o s i t i o n a n d 
p r o d u c e d t h e s m a l l - s c a l e f l u c t u a t i o n s i n 6 ^ S v a l u e s . 
T h e v a r i a t i o n o f s u l f u r - i s o t o p e c o m p o s i t i o n i n l a r g e 
c o n c r e t i o n s , s u c h a s G M - 5 , i s a l s o c a u s e d b y v a r i a b l e 
b a c t e r i a l a c t i v i t y i n a m i c r o e n v i r o n m e n t . T h e g e n e r a l 
3 4 
d e p l e t i o n o f J S t o w a r d t h e m a r g i n o f t h e c o n c r e t i o n i s 
p o s s i b l y a d i f f u s i o n p h e n o m e n o n , b u t m o r e l i k e l y i t i s a 
r e f l e c t i o n o f t h e e f f e c t s o f a d e c r e a s i n g o r g a n i c s u b s t r a t e 
d u r i n g g r o w t h o f t h e c o n c r e t i o n , J e n s e n ( 1 9 6 5 ) i n t e r p r e t s 
3 4 
t h e c h a n g e i n t h e bJ S v a l u e s i n t h e A d a v i l l e F o r m a t i o n 
c o n c r e t i o n a s a r e f l e c t i o n o f c h a n g i n g 6^ S c o m p o s i t i o n i n 
s u l f a t e i n t h e d e p o s i t i o n a l e n v i r o n m e n t . 
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depletion of 3 s toward the margin of the concretion is 
possibly a diffusion phenomenon, but more likely it is a 
reflection of the effects of a decreasing organic s ubstrate 
during growth of the concretion . Jensen (1965) interprets 
the change in the 034S values in the Adaville Formation 
concretion as a reflection of changing 634S composition in 
sulfate in the depositional environment. 
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S u l f u r - i s o t o p e v a r i a t i o n w i t h 
s t r a t i g r a p h i c p o s i t i o n 
G e n e r a l s t a t e m e n t . P r e v i o u s s u l f u r - i s o t o p e s t u d i e s 
o f t h e G r e e n R i v e r , W a s a t c h a n d U i n t a F o r m a t i o n s ( H a r r i s o n 
a n d T h o d e , 1 9 5 8 a ; G w y n n , 1970% M a u g e r , 1 9 7 2 ; M a u g e r a n d 
o t h e r s , 1 9 7 3 ) d e m o n s t r a t e t h a t t h e s u l f u r - i s o t o p e c o m p o s i ­
t i o n o f s u l f a t e s , s u l f i d e s a n d o r g a n i c a l l y b o u n d s u l f u r 
c o m p o u n d s c h a n g e d d u r i n g d e p o s i t i o n o f t h e s e u n i t s i n t h e 
U i n t a E a s i n , T h e s e w o r k e r s , e s p e c i a l l y H a r r i s o n a n d 
T h o d e ( F i g . 1 7 ) , s h o w t h a t t h e r e i s a n o v e r a l l e n r i c h m e n t 
3 4 
i n J S i n a l l s u l f u r - b e a r i n g p h a s e s u p w a r d t h r o u g h t h e 
T e r t i a r y u n i t s . T h i s t r e n d s u g g e s t s t h a t g e o c h e m i c a l a n d 
b i o c h e m i c a l c o n d i t i o n s i n t h e U i n t a B a s i n g r a d u a l l y c h a n g e d 
d u r i n g d e p o s i t i o n , p r o b a b l y t o w a r d g r e a t e r s a l i n i t y d u r i n g 
t h e l a t e r s t a g e s o f l a c u s t r i n e d e p o s i t i o n . 
T h e p r e s e n t s t u d y h a s e v a l u a t e d t h e s u l f u r - i s o t o p e 
g e o c h e m i s t r y o f L a k e U i n t a i n m o r e d e t a i l t h a n p r e v i o u s 
s t u d i e s . T h e s e n e w d a t a p r o v i d e t h e m e a n s t o b e t t e r d e f i n e 
t h e s u l f u r - i s o t o p e e v o l u t i o n d u r i n g v a r i o u s s t a g e s o f 
d e p o s i t i o n i n t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s . T h i s 
s e c t i o n w i l l d i s c u s s t h e v a r i a b i l i t y o f s u l f u r i s o t o p e s 
d u r i n g d e p o s i t i o n o f t h e U i n t a , G r e e n R i v e r , W a s a t c h a n d 
u p p e r M e s a v e r d e F o r m a t i o n s . 
V a r i a t i o n i n t h e D o u g l a s C r e e k M e m b e r . T o t e s t t h e 
v a r i a t i o n o f s u l f u r i s o t o p e s w i t h s t r a t i g r a p h i c p o s i t i o n 
i n t h e l o w e r G r e e n R i v e r F o r m a t i o n , 1 9 s u l f i d e s w e r e c o l l e c t ­
e d f r o m a n i n t e r v a l o f t h e D o u g l a s C r e e k M e m b e r a t D o u g l a s 
lf r-is t ne i ti  t  
a igrap ~ pos i  
 
.  t . evi s l -i t e st  
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i t  B si . es  ers, i ll ' arri   
 . ,  t    rall enrich  
in 3 S in all sulfur-bearing phases upward through the 
Tertiary units . This trend suggests that geochemical and 
biochemical conditions in the Uinta Basin gradually changed 
during deposition, probably toward greater salinity during 
the later stages of lacustrine deposition. 
The present study has evaluated the sulfur-isotope 
geochemistry of Lake Uinta in more detail than previous 
studies, These new data provide the means to better define 
the sulfur-isotope evolution during variou s stages of 
deposition in the Uinta and Piceance Creek Basins . This 
section will discuss the variability of sulfur isotopes 
during deposition of the Uinta, Green River, Wasatch and 
upper Mesaverde Formations. 
Variation in the Doue-las Creek Member. To test the 
variation of sul fur isotopes with stratigraphic position 
in the lower Green River Formation, 19 sulfides were collect-
ed from an interval of the Douglas Creek Member at Douglas 
1 2 9 
P a s s . T h e s u l f i d e g r o u p s D C T - 2 3 a n d D C T - 2 8 , d i s c u s s e d 
p r e v i o u s l y , a r e f r o m t h i s s t r a t i g r a p h i c i n t e r v a l . T h e 
s u l f i d e s w e r e c o l l e c t e d f r o m a f r e s h l y e x p o s e d r o a d c u t 
n e a r t h e s u m m i t o f D o u g l a s P a s s . T h e s a m p l i n g i n t e r v a l i s 
a b o u t 9 0 m t h i c k ( F i g . 3 1 ) a n d c o n s i s t s o f l a c u s t r i n e m a r l ­
s t o n e , a n a l c i m e - r i c h c l a y s t o n e a n d s i l t s t o n e , c l a y s t o n e , 
p o o r l y s t r a t i f i e d s i l t s t o n e a n d s a n d s t o n e , o o l i t i c a n d 
o s t r a c o d a l l i m e s t o n e , a n d a l g a l s t r o m a t o l i t e . T h e s e q u e n c e 
i s c a p p e d b y a t h i c k , c r o s s - s t r a t i f i e d , f l u v i a l s a n d s t o n e . 
T h e s u l f i d e s a r e r e s t r i c t e d t o m a r l s t o n e a n d a n a l c i m e -
r i c h s i l t s t o n e a n d c l a y s t o n e a n d a r e m a i n l y b e d d e d , n o n m e t a l -
l i c p o d s a n d b o u d i n a g e s t r u c t u r e s , 
T h e s u l f u r - i s o t o p e a s s a y o f t h e s u l f i d e s ( F i g . 3 1 ) s h o w s 
a r a n g e o f o v e r 4 5 p e r m i l a n d i n d i c a t e s t h a t t h e r e i s a 
3 4 
c o n s i s t e n t d e p l e t i o n o f J S u p w a r d t h r o u g h t h e f l u v i a l -
l a c u s t r i n e s e q u e n c e . T h e l o w e r m o s t s a m p l e s ( D C T - 2 3 ) 
a r e s i m i l a r i n i s o t o p i c c o m p o s i t i o n t o s u l f i d e s i n o i l s h a l e 
( F i g . 1 8 ) a n d t e n d t o v a r y c o n s i d e r a b l y w i t h l a t e r a l p o s i ­
t i o n ( F i g . 2 9 ) . S u l f i d e s f r o m t h e u p p e r p a r t o f t h e s e q u e n c e 
a r e s i m i l a r i n i s o t o p i c c o m p o s i t i o n t o o t h e r s u l f i d e s f r o m 
t h e W a s a t c h a n d u p p e r M e s a v e r d e F o r m a t i o n s . T h e l o w e r p a r t 
o f t h e s e q u e n c e i s l a c u s t r i n e i n o r i g i n a n d t h e p r e s e n c e 
o f a l g a l s t r o m a t o l i t e s ( F i g . 3 1 ) s u g g e s t s s h a l l o w - w a t e r 
c o n d i t i o n s . T h e s a m p l e s d i r e c t l y a b o v e a r e a s s o c i a t e d w i t h 
s a n d s t o n e a n d h a v e l i g h t e r i s o t o p e v a l u e s . T h e u p p e r m o s t 
s a m p l e s , d i r e c t l y u n d e r n e a t h t h e l a r g e f l u v i a l - s a n d s t o n e 
3 4 
b o d y , a r e t h e m o s t d e p l e t e d i n J S , T h e d e p o s i t i o n a l m o d e l 
s .  l   -   -  discussed
e i sl ,   i  i  l. 
l s     l   roa  
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consistent depletion of 3 S upward through the f1uvia1-
lacustrine sequence. The lowermost samples (DCT-23) 
are similar in isotopic composition to sulfides in oil shale 
(Fig. 18) and tend to vary considerably with lateral posi-
tion (Fig . 29). Sulfides from the upper part of the sequence 
are similar in i sotopic composition to other sulfides from 
the Wasatch and upper Mesaverde Formaticns. The lower part 
of the sequence is lacustrine in origin and the presence 
of algal stromatolites (Fig. 31) suggests shallow-water 
conditions. The samples directly above are associated with 
sandstone and have lighter isotope values. The uppermost 
samples, directly underneath the large l1uvial-sandstone 
body. are the most depleted in 34s . The depositional model 
1 3 0 
F i g u r e 3 1 , S u l f u r - i s o t o p e v a r i a t i o n o f o y r i t e p o d s t h r o u g h 
a v e r t i c a l i n t e r v a l o f D o u g l a s C r e e k M e m b e r , D o u g l a s 
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Figure 31 . Sulfur- isotope vari a tion of pyrite pods r gh 
a vertical interval of Douglas Cr eek ember , uglas 
Pa s. Lithology explanation in Figure 3 . 
1 3 1 
s u g g e s t e d b y t h e s u l f u r - i s o t o p e d a t a a n d l i t h o l o g y i s o n e 
o f s h a l l o w - w a t e r l a c u s t r i n e c o n d i t i o n s d u r i n g d e p o s i t i o n o f 
t h e b a s a l r o c k s . T h e s a m p l e s f r o m t h e m i d d l e a r e a l s o 
l a c u s t r i n e , b u t t h e i n c r e a s e i n s a n d s t o n e i n d i c a t e s p o s s i b l e 
d e l t a i c p r o g r a d a t i o n a n d i n f l o w o f f r e s h e r w a t e r . T h i s 
3 4 
c a u s e d t h e d e c r e a s e i n t h e 6 ^ S v a l u e s . T h e u p p e r m o s t 
s a m p l e s n e a r t h e f l u v i a l u n i t i n d i c a t e c o m p l e t e r e g r e s s i o n 
o f L a k e U i n t a , a n d t h e s u l f u r - i s o t o p e d a t a s h o w t h a t f r e s h ­
w a t e r s u l f a t e w a s t h e s o u r c e o f t h e s u l f i d e s u l f u r . 
O v e r a l l v a r i a t i o n i n t h e P a r a c h u t e C r e e k M e m b e r . T o 
3 4 
s u m m a r i z e t h e 6 V S v a r i a t i o n i n t h e e n t i r e P a r a c h u t e C r e e k 
M e m b e r , i t w a s n e c e s s a r y t o d i v i d e t h e l e n g t h o f t h e m e a ­
s u r e d s e c t i o n s a n d t h e WOSCO d r i l l c o r e i n t o q u a r t e r s ( F i g , 
3 2 ) . T h e P a r a c h u t e C r e e k M e m b e r i n t h e WOSCO c o r e i s 
t h i c k e r ( F i g s . 5 , 4 4 ) t h a n i n t h e m e a s u r e d s e c t i o n s i n t h e 
P i c e a n c e C r e e k B a s i n . T h i s a d d i t i o n a l t h i c k n e s s i n t h e 
WOSCO c o r e i s b e l o w t h e M a h o g a n y b e d i n t h e l o w e r a n d 
m i d d l e o i l - s h a l e z o n e ( F i g . 4 ) . T h u s , w h e n t h e P a r a c h u t e 
C r e e k M e m b e r w a s d i v i d e d i n t o q u a r t e r s , t w o o f t h e q u a r t e r s 
( 1 a n d 2 ) i n c l u d e d o i l s h a l e a n d m a r l s t o n e b e l o w t h e M a h o g ­
a n y b e d . T h e P a r a c h u t e C r e e k M e m b e r i n t h e m e a s u r e d s e c t i o n s 
a t M o u n t L o g a n a n d R i o B l a n c o h a d l e s s o i l s h a l e b e l o w t h e 
M a h o g a n y b e d . T h u s , t h e q u a r t e r s e g m e n t s i n c l u d e m o s t l y 
t h e u p p e r o i l - s h a l e z o n e ( F i g . 4 ) , E a c h s e c t i o n o f P a r a ­
c h u t e C r e e k M e m b e r i s o r i e n t e d r e l a t i v e t o t h e M a h o g a n y - b e d 
d a t u m p l a n e s o t h a t c o m p a r i s o n o f o n e q u a r t e r w i t h a n o t h e r 
i s p o s s i b l e . T h e c o m p a r i s o n i s b e s t e s t a b l i s h e d f o r t h e 
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caused the decrease in the 0 5 values. The uppermost 
samples near the fluvial unit indicate complete regression 
of Lake Uinta, and the sulfur-isotope data show that fresh-
water sulfate was the source of the sulfide sulfur. 
Overall variation in the Parachute Creek ~: ember. To 
summarize the 0 /.f.S variation in the entire Parachute Creek 
Me be , it was necessary t  d vide the l ength of th  mea-
sured sec ion  and the wasco drill core i to quarters (Fig. 
32). The Parachute Creek Member in th  wasco co e i  
thicker (Figs. 5 , 44) than in the measured sections in the 
Piceance Creek Bas in. This addition l thickness in the 
wasco ore is below the Mahogany bed in the lower and 
middle il-shal  zone (Fig. 4) . Thus, when the Parachute 
Creek tf:ember was divided into quarters , two of the quar rs 
(1 and 2) include  oil shale and marl  tone be low the 1.1ahog-
a."ly bed. The Paracnute Cre k Membe  in the measured sections 
t Mount Logan nd Rio Bl anco had l ess oil shale b low the 
Mahoga y bed. Thus, the quarter segments include m stly 
the upper oil-shale zon  (Fi g. 4). Each section of Para-
c ute Creek Member is oriented relative to the Mahogany-bed 
datum plane so that comparison of one quarter with another 
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1 3 3 
q u a r t e r s i n t h e P i c e a n c e C r e e k B a s i n , T h e D o u g l a s P a s s 
s e c t i o n o f t h e P a r a c h u t e C r e e k M e m b e r i s e x c l u d e d f r o m 
F i g u r e 3 2 b e c a u s e o n l y a s m a l l n u m b e r o f s a m p l e s w e r e 
c o l l e c t e d . 
T h e q u a r t e r i n t e r v a l s ( e a c h a b o u t 9 0 m t h i c k ) o f 
P a r a c h u t e C r e e k M e m b e r i n t h e WOSCO c o r e ( F i g . 3 2 ) s h o w 
3 4 
a n o v e r a l l e n r i c h m e n t i n ^ S u p w a r d t h r o u g h m o s t o f t h e 
c o r e , T h e s u l f i d e s i n t h e l o w e r q u a r t e r a r e t h e m o s t 
^ 4 
d e p l e t e d i n ^ S , a v e r a g i n g 2 6 . 9 p e r m i l . ' T h e s e c o n d q u a r t e r 
3 4 
i s m o r e e n r i c h e d i n J S t h a n t h e f i r s t , a v e r a g i n g 3 3 . 0 p e r ­
m i l . T h e t h i r d q u a r t e r , w h i c h i n c l u d e s t h e M a h o g a n y z o n e 
3 4 
a n d t h e r i c h e s t o i l s h a l e s , i s t h e m o s t e n r i c h e d i n J S . 
T h e u p p e r m o s t q u a r t e r i s l e s s e n r i c h e d i n - ^ S t h a n t h e 
• M a h o g a n y q u a r t e r ' a n d i s s i m i l a r t o t h e s e c o n d q u a r t e r . 
3 4 
T h e t r e n d s u g g e s t s t h a t m a x i m u m e n r i c h m e n t o f J S i n L a k e 
U i n t a i n t h e U i n t a B a s i n o c c u r r e d d u r i n g d e p o s i t i o n o f t h e 
M a h o g a n y i n t e r v a l . 
T h e q u a r t e r i n t e r v a l s o f t h e P a r a c h u t e C r e e k M e m b e r 
f o r t h e M o u n t L o g a n ( o n e q u a r t e r - 4 0 m) a n d R i o B l a n c o 
( o n e q u a r t e r = 5 0 m) m e a s u r e d s e c t i o n s ( F i g . 3 2 ) i n d i c a t e 
v a r i a t i o n s s i m i l a r t o t h o s e i n t h e WOSCO c o r e . S i n c e t h e r e 
i s l e s s o f t h e l o w e r a n d m i d d l e o i l - s h a l e z o n e i n t h e s e 
t w o m e a s u r e d s e c t i o n s , t h e l o w e r q u a r t e r i n b o t h s e c t i o n s 
i n c l u d e s t h e M a h o g a n y l e d g e . T h e M a h o g a n y q u a r t e r i s t h e 
3 4 
m o s t e n r i c h e d i n ' S o f a l l t h e q u a r t e r s , j u s t a s i n t h e 
WOSCO c o r e . S a m p l e s w e r e n o t c o l l e c t e d f r o m t h e s e c o n d 
q u a r t e r o f t h e M o u n t L o g a n , s e c t i o n , b u t t h e R i o B l a n c o 
t s   i c  e  si .  gl s  
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an overall enrichment in 3 S upward through most of the 
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depleted i.n 3 s , averaging 26.9 permn: The second quarter 
is more enriched in 3 S than the first , averaging 33.0 per-
mil . 'I'he third quarter , which includes the Mahogany zone 
and the richest oil shales , is the most enriched in 348 , 
The uppe most quarter is less enriched in 345 than the 
'Mahogany quarter ' and is simila  to the second quart r. 
The tre d s ggests that maximum enrichment of 34S in Lake 
Uinta in the Uinta Bas in occurred during deposition of the 
Mahogany interval. 
The quarter intervals of the Parachute Creek Member 
for the I.lount Logan (one quarter ~ 40 m) and Rio Blanco 
(one qua.rter ~ 50 m) measured sections (Fig . 32) indicate 
vuiations similar to those in the WOSCO core , Since there 
is less of the lower and middle oil - shale zone in these 
t wo measured sections , the lower quarter in both sections 
includes the Mahogany ledge , The Mahogany quarter is the 
most enriched in 34S of all the Quarters, just as in the 
WOSCO core, Samples were not collected from the second 
quart r of the Mount Log n section , but the Rio Bla co 
1 3 4 
s e c t i o n s h o w s t h a t s u l f i d e s i n t h e s e c o n d q u a r t e r a r e t h e 
3 4 
l e a s t e n r i c h e d i n J S o f a l l t h e s u l f i d e s , a v e r a g i n g a b o u t 
2 9 . 7 p e r m i l . T h e s u l f i d e s i n t h e t h i r d a n d f o r t h q u a r t e r s 
o f b o t h t h e M o u n t L o g a n a n d R i o B l a n c o s e c t i o n s s h o w a 
3 4 
g r a d u a l i n c r e a s e i n J S u p w a r d . 
T o s u m m a r i z e , t h e g e n e r a l t r e n d o f s u l f u r - i s o t o p e 
v a r i a b i l i t y i n s u l f i d e s o f t h e P a r a c h u t e C r e e k M e m b e r a p p e a r s 
3 4 
t o b e o n e o f o v e r a l l e n r i c h m e n t o f J S u p w a r d t h r o u g h t h e 
m e m b e r . T h e i n c r e a s e i s n o t a s c o n t i n u o u s , a s s u g g e s t e d 
b y H a r r i s o n a n d T h o d e ( 1 9 5 8 a ) , b u t s e e m s t o v a r y f r o m o n e 
p a r t o f t h e m e m b e r t o a n o t h e r . T h e s u l f i d e s m o s t e n r i c h e d 
3 4 
m J S a r e m t h e M a h o g a n y i n t e r v a l , w h i c h i s c h a r a c t e r i z e d 
b y m o d e r a t e t o r i c h o i l s h a l e a n d r h y t h m i c s t r a t i f i c a t i o n 
( F i g , 1 4 ) . S u l f i d e s i n t h e l o w e r a n d m i d d l e o i l - s h a l e 
z o n e , a s s h o w n i n t h e WOSCO c o r e , s h o w a g r a d u a l i n c r e a s e 
3 4 
i n •* S t c v / a r d s t h e M a h o g a n y z o n e , S u l f i d e s i m m e d i a t e l y 
3 2 
a b o v e t h e M a h o g a n y z o n e s h o w a n e n r i c h m e n t i n J S , b u t 
t h i s t r e n d i s r e v e r s e d f a r t h e r u p i n t h e P a r a c h u t e C r e e k 
3 4 . . 3 4 
M e m b e r w h e r e ** S a g a i n i n c r e a s e s . T h e e n r i c h m e n t i n S 
i n t h e u p p e r p a r t o f t h e m e m b e r i s a c c o m p a n i e d b y a n 
i n c r e a s e i n s a l i n e - m i n e r a l d e p o s i t i o n a n d d i s c o n t i n u o u s 
s t r a t i f i c a t i o n t y p e s i n o i l s h a l e ( F i g . 1 4 ) . 
S m a l l - s c a l e v a r i a t i o n i n P a r a c h u t e C r e e k M e m b e r . T h e 
s u l f u r - i s o t o p e c o m p o s i t i o n o f s u l f i d e s i n t h e P a r a c h u t e 
C r e e k M e m b e r v a r i e s w i t h s t r a t i g r a p h i c p o s i t i o n a n d c h a n g e s 
i n g r o s s l i t h o l o g y , A s t u d y w a s m a d e t o e v a l u a t e s m a l l -
s c a l e v a r i a t i o n s i n t h e s e c o n d q u a r t e r o f t h e WOSCO c o r e 
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least enri~hed in 3 S of all the sulfides, aver aging about 
29.7 permil . The sulfides in the third and forth quarters 
of both the Mount Logan and Rio Blanco sections show a 
gradual increase in J4S upward . 
To summarize, the general trend of sulfur-isotope 
variability in sul fid s of the Parachute Creek Member appears 
to be one of overall enrichment of J4S upward through the 
member. The increase i s not as continuous, as suggested 
by Harri son and Thode (19 58a) . but seems to vary f r om one 
part of the member to another . The sulfides most enriched 
in J4S a r e in the Mar.ogany interval, which is characterized 
by moderate to rich oil shal e and rhythmi c str atification 
(Fig . 14). Sul fides in the lower and m ddle oil·-shale 
zone, as shovm in the wa co core , s ow a gr adu l in rease
in J 4S t owards the Mahogany z n . Sulfi es immediately 
above the Mahogany zone show an enrichment in 32S , but 
this trend is rev rsed f rther up in the Parachute Creek 
Memb r where 34S agai  increases. The richment in 34S 
in the upper part of the member is accompanied by a  
i crease in saline-mineral deposition and discontinuous 
stratification types in oil shale (Fig . 14) . 
Small-scale variation in Parachute Creek Member. The 
sulfur-isotope composi ti  of sulfides in the Parachute 
Creek Member varies with str at i graphic position and changes 
in gross lithology, A study was made to evaluate small-
scale var iati ns in the second quarter of the \'lOSeO core 
1 3 5 
( F i g . 3 2 ) . T h i s i n t e r v a l i s a b o u t 5 5 m t h i c k ( f r o m 2 , 5 1 0 
t o 2 , 6 8 8 f e e t R B ) , c o n s i s t s o f l o w - t o m o d e r a t e - g r a d e o i l 
s h a l e , t u f f a c e o u s o i l s h a l e a n d c l a y s t o n e , a n d h a s a b u n d a n t 
s u l f i d e s ( F i g , 3 3 ) . T h e s u l f i d e s a r e b e d d e d p o d s , b l e b s , 
b o u d i n a g e s t r u c t u r e s a n d l a m i n a e , a n d a r e m o s t l y p y r i t e . 
F i g u r e 3 3 s h o w s t h a t t h e s u l f i d e s o f t h e WOSCO c o r e 
s e g m e n t a r e g e n e r a l l y u n i f o r m i n c o m p o s i t i o n , r a n g i n g 
b e t w e e n 2 5 a n d 3 5 p e r m i l . T h e s u g g e s t e d t r e n d i s o n e o f 
3 4 
i n i t i a l , e x t r e m e e n r i c h m e n t i n f S a t t h e b a s e f o l l o w e d 
3 4 
u p w a r d b y a r a p i d d e c r e a s e i n t h e J S c o n t e n t o f t h e s u l f i d e s , 
a n d t h e n m o r e o r l e s s u n i f o r m i s o t o p i c c o m p o s i t i o n f o r t h e 
r e s t o f t h e u p p e r c o r e . 
F i g u r e 4 4 s h o w s t h a t t h e o r g a n i c c o n t e n t o f t h e c o r e 
s e g m e n t i s n o t u n i f o r m . T h e l o w e r s i x s u l f i d e s ( W 0 S - 1 5 
t h r o u g h 2 0 ) a r e i n o i l s h a l e r a n g i n g f r o m 5 t o 2 5 g a l l o n s 
p e r t o n ( g p t ) . T h e m i d d l e , i s o l a t e d s u l f i d e s a m p l e ( W 0 S -
1 4 ) i s i n m a r l s t o n e a n d c l a y s t o n e t h a t h a s l i t t l e o r g a n i c 
m a t t e r . T h e u p p e r f o u r s a m p l e s ( V / 0 S - 1 0 t h r o u g h W 0 S - 1 3 ) a r e 
i n o i l s h a l e r a n g i n g f r o m 5 t o 3 0 g p t . A s a w h o l e , h o w e v e r , 
t h e u p p e r p a r t o f t h e i n t e r v a l i s l e s s o r g a n i c r i c h t h a n 
t h e l o w e r p a r t . I n l i g h t o f t h e o i l - y i e l d d a t a , i t i s c l e a r 
3 4 
t h a t t h e J S - e n r i c h e d s u l f i d e s a r e f r o m t h e m o s t o r g a n i c -
r i c h p a r t o f t h e c o r e s e g m e n t , t h e l o w e r o n e - t h i r d . T h e 
u p p e r p a r t i s , a s a w h o l e , l e s s o r g a n i c r i c h a n d t h e s u l f i d e s 
3 4 
a r e l e s s e n r i c h e d m J S . T h e s i n g l e s a m p l e f r o m t h e c l a y ­
s t o n e - m a r l s t o n e i n t e r v a l i n t h e c e n t e r i s t h e m o s t d e p l e t e d 
32A 
i n ^ S o f t h e e n t i r e g r o u p . T h i s s u g g e s t s a c o r r e l a t i o n 
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initial, extreme enrichment in J4S at the base followed 
upward by a r apid decrease in the 3 8 content of the sulfides, 
and then more or l ess uniform isotopic composit i on for the 
rest of the upper core. 
Figure 44 shows that the organ i c content of the cor e 
segment is not uniform. The lower s i x sul fides (\'108 -1 5 
through 20) are in oil shale ranging from 5 to 25 gallons 
per ton (gpt). The middle , i solated sulfide sample (WOS-
14) i s in rnarlstone and claystone that has little organic 
matter . The upper four sampl es (WOS -IO through I'/OS-13) are 
in oil shal e ranging from 5 to 30 gpt . As a whole , however , 
the upper part of the interval is less organic rich than 
the lower part. : n light of the oi l - yie l d data , it is clear 
that t he 34s-enriched sul fides are from th e most organic-
rich part of the core segment , t he l owe r one - third . 'rhe 
upper part i s , as a whole. less organic r ich and the sulf i des 
are )es~ enriched in 345 . The s ingle sample from the clay-
stone - marlstcne interval in the center is the most depleted 
in 34s of the entire group, Thi s suggests a correlation 
F i g u r e 3 3 . S u l f u r - i s o t o p e v a r i a t i o n t h r o u g h a v e r t i c a l i n ­
t e r v a l o f P a r a c h u t e C r e e k M e m b e r , WOSCO c o r e , U i n t a B a s i n . 
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1 3 7 
" b e t w e e n t h e 6- ' s v a l u e o f t h e s u l f i d e s a n d t h e o i l 
v i e l d o f t h e h o s t r o c k s , 
T h e l o w e r m o s t s a m p l e i n t h e c o r e s e g m e n t ( F i g , 3 3 ) i s 
3 4 
e n r i c h e d i n J S o v e r 2 0 p e r m i l m o r e t h a n t h e o t h e r s u l f i d e s 
o f t h e s e g m e n t . T h i s s a m p l e i s a s i n g l e 2 t o 3 nun t h i c k 
l a m i n a o f p u r e s u l f i d e a t t h e b a s e o f a n a s p h a l t i c t u f f . 
T h e o i l s h a l e a b o v e a n d b e l o w i s l o w g r a d e , h a s a b u n d a n t 
p l a n t f o s s i l s , b u t i s n o t u n u s u a l i n X - r a y m i n e r a l o g y . 
T h e r e a s o n f o r t h e e x t r e m e e n r i c h m e n t i s , t h e r e f o r e , n o t 
k n o w n . P e r h a p s t h e p r e s e n c e o f t h e a s p h a l t i c t u f f p r o ­
d u c e d a n u n u s u a l f r a c t i o n a t i o n m e c h a n i s m , o r p e r h a p s , t h e 
3 4 
i n f a l l o f t h e t u f f a d d e d s u l f u r c o m p o u n d s e n r i c h e d i n J S , 
S u m m a r y o f v a r i a t i o n i n T e r t i a r y u n i t s . F i g u r e 3 ^ 
s h o w s t h e v a r i a t i o n o f s u l f u r - i s o t o p e v a l u e s t h r o u g h t h e 
e n t i r e T e r t i a r y s t r a t i g r a p h i c c o l u m n i n t h e P i c e a n c e C r e e k 
B a s i n . T h e s u l f u r i s o t o p e v a l u e s f r o m e a c h s t r a t i g r a p h i c 
u n i t a r e s u m m a r i z e d b y r a n g e - a n d - m e a n v a r i a t i o n d i a g r a m s . 
T h e l e t t e r s b e s i d e e a c h r a n g e b a r d e s i g n a t e t h e s a m p l e 
l o c a l i t i e s ( T a b l e 3 ) . T h e s a m p l e s b e l o w t h e P a r a c h u t e 
C r e e k M e m b e r a r e a l l f r o m t h e D o u g l a s P a s s a r e a , a n d t h e 
s a m p l e s f r o m t h e U i n t a F o r m a t i o n a r e f r o m t h e R i o B l a n c o 
a r e a . T h e s a m p l e s f r o m t h e P a r a c h u t e C r e e k M e m b e r a r e d i v i 
e d i n t o t w o g r o u p s b y t h e W a v y B e d d e d t u f f ( F i g . 4 ) . 
F i g u r e 3 ^ s h o w s t h a t t h e i s o t o p i c c o m p o s i t i o n o f s u l ­
f u r i n t h e P i c e a n c e a n d U i n t a B a s i n s w a s c o n s t a n t l y c h a n g i n 
w i t h t i m e a n d d e p o s i t i o n a l c o n d i t i o n s . S u l f i d e s d e p o s i t e d 
w i t h t h e f l u v i a l u n i t s o f t h e W a s a t c h , l o w e r G r e e n R i v e r 
betwe   34S       oil
y  a    rocks .
 t      . ))  is
enriched in 3 8 over 20 permil more than the other sulfides 
of the segment. This sampl e is a single 2 to ) mm thick 
l amina of pure sulfide at the base of an asphal tic tuff . 
The oil shale above and bel ow is l ow gr ade , has ab".mdaJ1t 
plant fossils , but i s not unusual in X-ray mine ral ogy . 
The reason for the extreme enri chment is, therefore , not 
known . Perhaps the presence of the asphal tic tuff pro -
duced an unusual fractionation mechanism . or perhaps . the 
infall of t he tuff added sulfur compounds enriched in )4S . 
Summ~ry of variation in Tertiary units . Figure)4 
shows the var iat i on of sulfur-isotope values through the 
entire Tertiary s trat i graphic column in the Piceance Creek 
Basin . The sulfur isotope values f rom each stratigraphic 
unit are summarized by range -and- mean variati on diagrams . 
. 
The l etter s beside each range bar designate "the sample 
localiti es (Tabl e )). The samples be low the Parachute 
Creek Member are all from the Douglas Pass area, and the 
sample s from the Uinta Formation are from the Rio Blanco 
area . The samples from the Parachute Creek Member are div i d-
ed into two groups by the Wavy Bedded tuff (Fig . 4). 
Figure 34 shows that the i so t opic compos ition of sul-
fur in the Piceance and Uinta Bas ins was constantly changi.ng 
with time and depos i tional conditions. Sulfides deposited 
'tlit  the fluvial units of the Wasatch . lower Green Rive r 
1 3 8 
F i g u r e 3 4 . S u m m a r y o f 6 3 4 s v a l u e s f o r t h e t o t a l T e r t i a r y 
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1 3 9 
a n d u p p e r M e s a v e r d e F o r m a t i o n s a r e t h e m o s t e n r i c h e d i n 
• ' ' S . T h e s e f l u v i a l s u l f i d e s a v e r a g e a b o u t 1 5 p e r m i l 
( F i g . 1 8 ) a n d a r e s i m i l a r i n i s o t o p i c c o m p o s i t i o n t o p y r i t e 
n o d u l e s i n f l u v i a l r o c k s o f t h e W i n d R i v e r F o r m a t i o n ( E o c e n e 
W y o m i n g ( C h e n e y , 1 9 6 4 ; s e e F i g , 1 6 ) , 
D u r i n g d e p o s i t i o n o f t h e G r e e n R i v e r F o r m a t i o n , t h e 
s u l f u r s y s t e m b e c a m e p a r t o f t h e L a k e U i n t a d e p o s i t i o n a l 
s y s t e m a n d t h e i s o t o p i c c o m p o s i t i o n v / a s c o n t r o l l e d b y 
v a r i a t i o n s i n t h e h y d r o l o g y o f t h e d r a i n a g e b a s i n . D u r i n g 
f l u v i a l d e p o s i t i o n , t h e s u l f i d e s h a d i s o t o p i c c o m p o s i t i o n s 
s i m i l a r t o s u l f i d e s i n t h e V / a s a t c h a n d M e s a v e r d e F o r m a t i o n s , 
D u r i n g l a c u s t r i n e d e p o s i t i o n , i n c l u d i n g s h a l l o w - w a t e r p h a s e s 
. 3 4 
t h e s u l f u r s y s t e m b e c a m e m o r e e n r i c h e d i n ^ S , T h e g r a d u a l 
3 4 
i n c r e a s e i n ; S d u r i n g l a c u s t r i n e d e p o s i t i o n c l i m a x e d 
d u r i n g d e p o s i t i o n o f t h e M a h o g a n y i n t e r v a l o f t h e P a r a c h u t e 
3 4 . 
C r e e k M e m b e r , T h e e n r i c h m e n t o f ^ S i n s u l f i d e s a b o v e t h e 
M a h o g a n y i n t e r v a l c o n t i n u e d , b u t n o t t o t h e e x t e n t t h a t 
o c c u r r e d d u r i n g d e p o s i t i o n o f t h e M a h o g a n y i n t e r v a l . A s 
L a k e U i n t a r e g r e s s e d , i t b e c a m e h i g h l y s a l i n e a n d t h e s u l -
^ 4 
f i d e s b e c a m e e n r i c h e d i n " S o n c e a g a i n ( F i g . 3 4 ) . A f t e r 
r e s t o r a t i o n o f f l u v i a l d e p o s i t i o n ( U i n t a F o r m a t i o n ) i n t h e 
P i c e a n c e C r e e k B a s i n , t h e i n f l o w o f f r e s h w a t e r p r o d u c e d 
s u l f i d e s w i t h a n i s o t o p i c c o m p o s i t i o n s i m i l a r t o t h o s e i n 
t h e f l u v i a l r o c k s a t t h e b a s e o f t h e T e r t i a r y c o l u m n , 
F i g u r e 3 4 , t h e r e f o r e , d e m o n s t r a t e s a c o m p l e t e c y c l e . 
  3a r  ti    t  in
J2   l i s  t  per l
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  l     ti  ( ), 
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   i  positi  w  t l  
riations   r l    i  .  
i l sit ,    topi  co i
il r  i s   W    r ions .
ri  t  siti , i  - ater p , 
the sulfur system became more enriched in 34S • The gradual 
increase in J4s during lacustrine depositio~ climaxed 
during depo::d tion of the r.lahogany interval of the Parachute 
Creek r,'ember . The enrichment of 3 S in sulfides above the 
Mahogany interval continued, but not to the extent that 
occurred Gl!.ring deposition of the Mahogany interval . As 
Lake Uinta regr essed , it became highly saline and the sul-
fides bocame enriched in 34S once a gain (Fig . 34) . After 
restoration of :Jvial deposition (Uinta ormation) in the 
Piceance Creek Basin, th  inflow of fresh water produced 
sulfides with an isotopic composition simil r to those in 
the fluvial rocks at the base of he Tertiary c lumn. 
Figure 34 , therefore , demonstrates a compl ete ycle . 
1 4 0 
C o n c l u s i o n s 
I r o n - s u l f i d e s a m p l e s (N = 1 2 0 ) f r o m t h e U i n t a , G r e e n 
R i v e r , W a s a t c h a n d u p p e r M e s a v e r d e F o r m a t i o n s w e r e a n a l y z e d 
i s o t o p i c a l l y t o d e t e r m i n e v a r i a t i o n s i n t h e s u l f u r - i s o t o p e 
c o m p o s i t i o n , X - r a y d i f f r a c t i o n a n a l y s i s o f t h e s u l f i d e s 
a n d s u l f i d e h o s t r o c k s w a s d o n e . S u l f i d e s i z e , m o r p h o l o g y 
a n d d i s t r i b u t i o n w e r e a l s o s t u d i e d . 
T h e d o m i n a n t s u l f u r c o m p o u n d i n t h e T e r t i a r y r o c k 
u n i t s o f t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s i s i r o n s u l ­
f i d e ( p y r i t e , m a r c a s i t e a n d p y r r h o t i t e ) . S u l f a t e i s r a r e , 
a n d s y n s e d i m e n t a r y s u l f a t e i n o i l s h a l e i s a b s e n t . P y r ­
r h o t i t e i s p r e s e n t o n l y i n o i l s h a l e . M o s t m a r c a s i t e i n 
o i l s h a l e h a s r e c r y s t a l l i z e d t o p y r i t e . 
I r o n - s u l f i d e m i n e r a l s r a n g e c o n s i d e r a b l y i n s i z e , m o r ­
p h o l o g y a n d d i s t r i b u t i o n . S u l f i d e s i n n o n - o i l s h a l e l i t h ­
o l o g i e s a r e l a r g e s t a n d c a n e x c e e d 5 0 cm i n m a x i m u m d i m e n ­
s i o n . S u l f i d e s i n o i l s h a l e s h o w a d i v e r s i t y i n s i z e a n d 
s u l f i d e m o r p h o l o g y , a n d a v e r a g e a b o u t 2 0 u m i n m a x i m u m 
d i m e n s i o n , a n d g e n e r a l l y h a v e a n a n g u l a r o r j a g g e d o u t l i n e , 
F r a m b o i d a l i r o n s u l f i d e i s n o t common i n o i l s h a l e . 
X - r a y d i f f r a c t i o n a n a l y s i s o f s u l f i d e h o s t r o c k s s h o w s 
t h a t d o l o m i t e , c a l c i t e , a n a l c i m e , q u a r t z , p o t a s s i u m f e l d ­
s p a r , a n d a l b i t e a r e t h e m o s t common m i n e r a l s . S h a l l o w -
w a t e r l a c u s t r i n e c a r b o n a t e s a r e m o s t l y c a l c i t e a n d d o l o m i t e , 
a n d d o l o m i t e i s c o m m o n l y m o r e a b u n d a n t , T u f f i n t h e G r e e n 
R i v e r F o r m a t i o n h a s b e e n d i a g e n e t i c a l l y a l t e r e d t o a n a l c i m e 
a n d a l b i t e . S a n d s t o n e s o f t h e U i n t a F o r m a t i o n h a v e 
cl si o s 
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1 4 1 
a b u n d a n t a n a l c i m e . O i l s h a l e a n d m a r l s t o n e a r e m o s t l y 
d o l o m i t e , c a l c i t e , a n a l c i m e a n d q u a r t z , a n d d o l o m i t e i s 
c o m m o n l y m o r e a b u n d a n t t h a n c a l c i t e . R i c h e r o i l s h a l e s 
h a v e h i g h e r p r o p o r t i o n s o f a n a l c i m e a n d c a l c i t e . 
I s o t o n i c a n a l y s e s o f s u l f i d e s s h o w s a r a n g e o f J S 
v a l u e s f r o m - 1 2 , 6 t o 6 6 . 6 p e r m i l , a t o t a l s p r e a d o f 7 9 . 2 
p e r m i l . S u l f i d e s i n f l u v i a l a n d s h a l l o w - w a t e r l a c u s t r i n e 
3 4 
r o c k s h a v e t h e w i d e s t 6- ' S d i s t r i b u t i o n s a n d m e a n v a l u e s 
3 4 
n e a r 1 5 p e r m i l . S u l f i d e s i n o i l s h a l e h a v e n a r r o w e r 6- ' S 
d i s t r i b u t i o n s a n d a v e r a g e a b o u t 3 5 p e r m i l . T h e y a r e 1 8 
t o 2 0 p e r m i l h e a v i e r t h a n s u l f i d e s i n s a n d s t o n e , s i l t s t o n e , 
s i l t y m a r l s t o n e a n d c l a y s t o n e , 
3 4 
T h e r e i s a p p a r e n t l y n o c o r r e l a t i o n b e t w e e n t h e o-r S 
3 4 
v a l u e s o f s u l f i d e s a n d t h e s u l f i d e m i n e r a l o g y . T h e 6 ^ S 
v a l u e s o f s u l f i d e s s h o w l i t t l e c o r r e l a t i o n w i t h m i n e r a l o g y 
o f t h e h o s t r o c k , S u l f i d e s i n d o l o m i t i c r o c k , e s p e c i a l l y 
3 4 
o i l s h a l e , a r e m o r e e n r i c h e d i n J S t h a n s u l f i d e s i n r o c k s 
w h e r e c a l c i t e i s t h e d o m i n a n t c a r b o n a t e . 
A g o o d c o r r e l a t i o n w a s f o u n d b e t w e e n t h e s u l f u r - i s o t o p 
c o m p o s i t i o n o f s u l f i d e s i n o i l s h a l e a n d t h e o r g a n i c c o n t e n 
o f t h e o i l s h a l e . S u l f i d e s h a v e m a x i m u m e n r i c h m e n t o f 
3 4 
J
 S i n o i l s h a l e s o f m o d e r a t e g r a d e ( 1 5 t o 3 0 g a l l o n s p e r 
v . . 3 4 . . 
t o n ) a n d m i n i m u m 7 S e n r i c h m e n t i n l o w - g r a d e o i l s h a l e s 
( l e s s t h a n 1 5 g a l l o n s p e r t o n ) ; r i c h o i l s h a l e s ( g r e a t e r 
t h a n 3 0 g a l l o n s p e r t o n ) a r e i n t e r m e d i a t e a n d s h o w a g r a d -
3 4 
u a l d e c r e a s e o f J S w i t h i n c r e a s i n g o r g a n i c c o n t e n t , 
rl t . i  l   a   os tly
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rocks have the widest 6 S distribut ions and mean values 
near 15 permil. Sulfide s in oil shal e have narr ower 6 5 
distributions and average about 35 permil. They are 18 
to 20 permil heavier than sulf ides in s andstone, siltstone, 
silty marlstone and claystone . 
There i s apparently no correlation between the 0345 
value s of sulfides and the sulfide mineralogy . The 634S 
  lfides show little correlation with mi neralogy 
of the host rock. Sulfides in d lomitic rock. especi l y 
il $hale I a e mOl"e enriche d in J4S than sul f ides in rocks 
where calcite i s the dominant carbonate . 
A good corre lation was found between the sulfur- isotopic 
comp osition of sulfides i n oil shale and tl'le organic content 
of the oil shale . Sulfides have maximum enrichment of 
34S in oil shal es of moderate gr ade (15 to 30 gallons per 
ton) and minimum ;4S enrichment in low-grade oil shales 
(less t han 15 gallons per t on ) ; ri ch oil shales ( great er 
  l l s  ) c n i te    rad -
ual decrease of ;45 with increasing organic content. 
1 4 2 
T h e 6 ^ 'S v a l u e s o f c o n t e m p o r a n e o u s s u l f i d e s w e r e 
f o u n d t o v a r y w i t h l a t e r a l p o s i t i o n a l o n g b e d d i n g p l a n e s . 
T h e v a r i a t i o n i s g r e a t e s t i n m a r l s t o n e , s a n d s t o n e a n d 
a n a l c i m e - r i c h s i l t s t o n e a n d c l a y s t o n e , a n d m a y e x c e e d 2 0 
p e a r m i l , T h e 6 ^ S v a r i a t i o n o f s u l f i d e s i n o i l s h a l e i s 
l e s s , n o t e x c e e d i n g 4 p e r m i l . V a r i a t i o n i n t h e 6 - ^ S v a l u e s 
w a s p r o b a b l y p r o d u c e d b y t h e v a r i a b l e a c t i v i t y o f s u l f a t e -
r e d u c i n g b a c t e r i a o p e r a t i n g i n m i c r o e n v i r o n m e n t s , 
S u l f i d e s t h r o u g h a v e r t i c a l s t r a t i g r a p h i c i n t e r v a l 
3 4 
m a y s h o w bJ S v a r i a t i o n o v e r s m a l l d i s t a n c e s . V a r i a t i o n s 
a r e u s u a l l y c o r r e l a t i v e w i t h c h a n g e s i n t h e l i t h o l o g y 
o f t h e h o s t r o c k a n d w i t h c h a n g e s i n d e p o s i t i o n a l c o n d i t i o n s . 
3 4 
V a r i a t i o n o f t h e bJ S c o m p o s i t i o n o f s u l f i d e s i n t h e 
P a r a c h u t e C r e e k M e m b e r s h o w s a g e n e r a l i z e d t r e n d o f d e p l e -
3 4 
t i o n o f J S b e l o w t h e M a h o g a n y z o n e , m a x i m u m e n r i c h m e n t o f 
3 4 . 3 4 
•* S - i n t h e M a h o g a n y z o n e , a d e c r e a s e i n J S e n r i c h m e n t 
i m m e d i a t e l y a b o v e t h e M a h o g a n y z o n e , a n d t h e n a g r a d u a l 
3 4 
e n r i c h m e n t o f J S u p w a r d t o t h e t o p o f t h e m e m b e r . T h e 
3 4 
e n r i c h m e n t o f J S i n s u l f i d e s i s a p p a r e n t l y m o s t common 
d u r i n g h i g h o r g a n i c - m a t t e r p r o d u c t i o n , 
T h e o v e r a l l s u l f u r - i s o t o p e t r e n d o f a l l t h e s t r a t i ­
g r a p h i c u n i t s i s s i m i l a r t o t r e n d s s u g g e s t e d b y p r e v i o u s 
w o r k e r s , S u l f i d e s f r o m f l u v i a l u n i t s ( u p p e r M e s a v e r d e a n d 
W a s a t c h F o r m a t i o n s a n d t h e I D o u g l a s C r e e k M e m b e r ) b e l o w 
t h e P a r a c h u t e C r e e k M e m b e r a r e t h e m o s t d e p l e t e d i n - ^ S o f 
a l l t h e s u l f i d e s , T h e i n i t i a t i o n o f l a c u s t r i n e d e p o s i t i o n 
c a u s e d a g r a d u a l i n c r e a s e i n t h e J S c o n t e n t o f s u l f i d e s 
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show 6 3 variation over small di stances. Variations 
are usually correlative with changes in the lithology 
of the ho s t rock and with changes in depositional conditions. 
Variation of t he bJ4S composition of sulfides in the 
Par-achute Creek Member shows a 
tion of 4S bel ow the Mahogany 
generalized trend of deple -
zone, 
4S in the Mahogany zone , a decr ease 
ma."(Unum enrichment 
in 34S enri chment 
of 
m l     ,    grad
enrichment of 3 S upward to the top of the member. The 
enrichment of J4S i n sulf ides is apparently most common 
dur. ing high organic -matter product ion. 
The overall sulfur-isotope trend of all the strati-
gr a:phic units is similar t o trends suggested by previous 
'i,'or.kers. Sulfides from fluvial units (upper rr:esaverde and 
Was atch Formations and the Douglas Creek Member) below 
the Para.chute Creek Member are the most depleted in 34S of 
all the sulfides . The init iation of lacustrine depos ition 
d . . 34 cause a gradual ~ncrease In the S content of sulfides 
1 4 3 
a n d c u l m i n a t e d d u r i n g d e p o s i t i o n o f t h e r i c h e s t o i l - s h a l e 
3 4 
z o n e , t h e M a h o g a n y z o n e . E n r i c h m e n t o f J S c o n t i n u e d 
t h r o u g h o u t t h e r e s t o f P a r a c h u t e C r e e k d e p o s i t i o n . T h e 
r e s u m p t i o n o f f l u v i a l d e p o s i t i o n ( U i n t a F o r m a t i o n ) c a u s e d 
3 4 
s u l f i d e s t o b e d e p l e t e d i n 6 S a g a i n , s i m i l a r t o t h e s u l -
s u l f i d e s i n f l u v i a l u n i t s b e l o w t h e P a r a c h u t e C r e e k M e m b e r . 
3 4 
T h u s , t h e m a j o r c o n t r o l l i n g f a c t o r i n t h e 6 ^ S c o m p o s i t i o n 
o f s u l f i d e s i n t h e T e r t i a r y U n i t s i n t h e U i n t a a n d P i c e a n c e 
C r e e k B a s i n s i s t h e d e p o s i t i o n a l e n v i r o n m e n t . 
 
 ~ e   ositi  f e t oil-sh  
zon e I the !J1 ahogany zone . Enrichment of J4S continued 
t hroughout the res t of Par achute Creek deposition . 'l'he 
re sumption of f luvial deposition (Uinta Formation) caused 
sulfides to be depleted in b34s again , s imilar to the sul -
sulfi es in f luvial units be l ow the Parachute reek ember . 
Thu s , the major controlling f actor in the 6 5 composition 
of sul fides in t he Tertiary Units in th e Uinta and Piceance 
Creek Basins i s t he depo s i tional environment . 
CHAPTER 4 
INTERPRETATION AND D I S C U S S I O N 
G e n e r a l S t a t e m e n t 
T h e p r e c e d i n g c h a p t e r d e m o n s t r a t e s t h a t v a r i a t i o n s i n 
bJ S v a l u e s i n t h e T e r t i a r y r o c k s o f t h e P i c e a n c e a n d 
U i n t a B a s i n s a r e c l o s e l y r e l a t e d t o t h e s e d i m e n t o l o g i c 
a n d g e o c h e m i c a l p a r a m e t e r s o f d e p o s i t i o n . S u l f u r c o m p o u n d s 
o f a l l t y p e s v a r y p r e d i c t a b l y w i t h s t r a t i g r a p h i c p o s i t i o n 
( F i g s . 1 7 , 3 2 » 3 * 0 . T h e r e f o r e , m o d e l s u s e d t o e l u c i d a t e 
t h e f r a c t i o n a t i o n p a t t e r n s a n d m e c h a n i s m s o f s u l f u r i s o ­
t o p e s m u s t a l s o b e c o n s i s t e n t w i t h t h e s e d i m e n t o l o g i c a n d 
g e o c h e m i c a l d a t a . 
F r a c t i o n a t i o n M o d e l s 
T h e m o s t r e c e n t e v a l u a t i o n o f s u l f u r - i s o t o p e d i s t r i ­
b u t i o n a n d f r a c t i o n a t i o n i n s e d i m e n t a r y e n v i r o n m e n t s i s b y 
S c h w a r c z a n d B u r n i e ( 1 9 7 3 ) . T h e y s t u d i e d t h e m a g n i t u d e 
o f t h e b i o g e n i c f r a c t i o n a t i o n b e t w e e n s u l f a t e a n d s u l f i d e 
i n v a r i o u s e n v i r o n m e n t s a n d p o s t u l a t e t h a t t h e a m o u n t o f 
d i s s o l v e d s u l f a t e i n a n a q u e o u s e n v i r o n m e n t c o n t r o l s t h e 
m a g n i t u d e o f t h e f r a c t i o n a t i o n . S c h w a r c z a n d B u r n i e ( 1 9 7 3 ) , 
b a s e d o n t h e w o r k o f R e e s ( 1 9 7 3 ) . p r o p o s e t h a t i n e n v i r o n m e n t s 
w i t h f l u c t u a t i n g s u l f a t e s u p p l y ( c l o s e d - s y s t e m m o d e l ) , t h e 
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m a g n i t u d e o f t h e f r a c t i o n a t i o n w i l l b e f r o m - 3 t o 2 5 p e r m i l , 
. . . 3 4 
a n d a n y s u l f i d e p r e c i p i t a t e d w i l l h a v e a b r o a d , f l a t 6 ^ S 
d i s t r i b u t i o n . I n e n v i r o n m e n t s w i t h a s t e a d y s u l f a t e s u p p l y 
( o p e n - s y s t e m m o d e l ) , t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n c a n 
r a n g e u p t o 5 0 p e r m i l , a n d t h e s u l f i d e s w i l l h a v e a n a r r o w 
3 4 
b J S d i s t r i b u t i o n . I t s h o u l d b e n o t e d t h a t t h e o p e n a n d 
c l o s e d s y s t e m s r e f e r o n l y t o t h e s u l f a t e c o n c e n t r a t i o n i n 
s o l u t i o n a n d n o t t o t h e h y d r o l o g i c b e h a v i o r o f t h e t r a n s ­
p o r t i n g f l u i d s . C h a p t e r 3 p r o v i d e s a f u l l e r d e s c r i p t i o n 
o f f r a c t i o n a t i o n m o d e l s p r o p o s e d b y S c h w a r c z a n d B u r n i e 
( 1 9 7 3 ) . 
A p p l i c a b i l i t y o f m o d e l s t o f l u v i a l 
a n d l a c u s t r i n e e n v i r o n m e n t s 
S c h w a r c z a n d B u r a i e ( 1 9 7 3 ) d o n o t c o n s i d e r f r a c t i o n a ­
t i o n p a t t e r n s i n l a c u s t r i n e a n d f l u v i a l e n v i r o n m e n t s . T h e y 
d i s c u s s o n l y m a r i n e e n v i r o n m e n t s . I t s e e m s l o g i c a l , h o w ­
e v e r , t h a t t h e p r o c e s s e s a c t i v e i n m a r i n e e n v i r o n m e n t s 
s h o u l d a l s o o c c u r i n f r e s h - w a t e r e n v i r o n m e n t s . 
S u l f i d e n o d u l e s i n t h e f l u v i a l r o c k s o f t h e W i n d 
3 4 
R i v e r F o r m a t i o n , W y o m i n g , h a v e 6 ^ S v a l u e s ( C h e n e y , 1 9 6 4 ; 
C h e n e y a n d J e n s e n , 1 9 6 6 ) s i m i l a r i n r a n g e a n d m e a n t o s u l ­
f i d e s f r o m a c l o s e d s y s t e m ( e . g . , W h i t e P i n e , F i g . 1 6 ) , 
I n a f l u v i a l e n v i r o n m e n t , l o c a l v a r i a t i o n s i n w a t e r f l o w 
a n d s u l f a t e s u p p l y s h o u l d p r o d u c e t h e c o n d i t i o n s f a v o r a b l e 
f o r f i r s t - o r d e r s u l f a t e r e d u c t i o n b y s u l f a t e - r e d u c i n g 
b a c t e r i a ( R e e s , 1 9 7 3 ) a n d t h e f r a c t i o n a t i o n b e t w e e n s u l f a t e 
a n d s u l f i d e s h o u l d r a n g e f r o m - 3 t o 2< p e r m i l . T h i s i s 
  ~ ti        per l
and any sul f ide precipitated will have a broac , flat 634S 
distribution . In environments with a steady sulfate supply 
(open- system model), the sulfate-sulfide fract ionation can 
range up to 50 permil, and the sulfides will have a narrow 
634S dis~ribution. It should be noted that the open and 
close  ystems refer only to th  sulfate concentration in 
solution and not to the hydro l ogic behavior of the trans -
p rt ing fluids. Chapter 3 provides a full er descrip tion 
of fractionation mode l s proposed by Schwarcz and Burnie 
(1973) . 
Applicability of models to fluvial 
and l acustrine envir onments 
Schwaroz and Burnie (1973) do not consider fract i ona-
tion patterns in lacustrine and fluvial environ ents. They 
discuss only arine environ ents . It see s logical, how-
ever, that the pr ocesses active in marine environ ents 
should al so occur in fresh-wate r environ ents . 
lfi e nodul es i n the fl v i l rocks f the ind 
River Formation , Wyoming , have 6 S value s (Cheney , 1964; 
Cheney and Jensen , 1966) similar in range and mean to sul -
fides from a closed system (e .g ., White Pine , Fig . 16). 
In a fluvial environment, l ocal variations in water flow 
and sulfate supply should produce the conditions favorable 
for f i r s t-or der sulfate reduction by sulfate - reducing 
bacteria (Ree s , 1973) ~~d the fractionation be tween sulfate 
and sulfide should range from - 3 to 25 parmil. This i s 
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t h e m a g n i t u d e o f t h e f r a c t i o n a t i o n f o r s y n g e n e t i c s u l f i d e s 
i n t h e G a s H i l l s ( C h e n e y , 1 9 6 4 ) . T h e r e f o r e , t h e r e i s s u g ­
g e s t i o n t h a t t h e c l o s e d s y s t e m i s a v i a b l e m o d e l f o r 
p r e d i c t i n g s u l f u r - i s o t o p e f r a c t i o n a t i o n i n f l u v i a l e n v i r o n ­
m e n t s . 
I n m o s t l a k e s , t h e s u l f a t e c o n t e n t i s m u c h l o w e r t h a n 
i n m a r i n e e n v i r o n m e n t s . I n s o m e l a k e s , h o w e v e r , t h e s u l ­
f a t e s u p p l y i s r e l a t i v e l y h i g h a n d t h e m o d e l s s u g g e s t e d b y 
S c h w a r c z a n d B u r n i e c a n b e t e s t e d . I n G r e e n L a k e , w h i c h 
h a s a h i g h e r t h a n n o r m a l s u l f a t e c o n t e n t ( D e e v e y a n d o t h e r s , 
1 9 6 3 ) , t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n f a c t o r i s o v e r 5 0 
p e r m i l a n d i s s i m i l a r t o t h e f r a c t i o n a t i o n f a c t o r i n t h e 
B l a c k S e a ( F i g . 1 6 ) . I n S e a r l e s L a k e s e d i m e n t s , w h i c h a r e 
a s s o c i a t e d w i t h e v a p o r i t e s , t h e s u l f a t e - s u l f i d e f r a c t i o n a ­
t i o n i s a l s o h i g h ( H o l s e r a n d K a p l a n , 1 9 6 6 ) . T h u s , t h e r e 
i s e v i d e n c e t h a t s u l f a t e - r i c h l a c u s t r i n e e n v i r o n m e n t s 
a p p r o a c h t h e o p e n s y s t e m o f s u l f a t e r e d u c t i o n . I n l a k e s 
l o w e r i n s u l f a t e , s u c h a s L i n s l e y P o n d , i t i s c l e a r 
( N a k a i a n d J e n s e n , 1 9 6 4 ) t h a t t h e s u l f a t e - s u l f i d e f r a c t i o ­
n a t i o n i s m u c h l e s s t h a n 5 0 p e r m i l , c l o s e r t o 1 0 t o 1 2 p e r ­
m i l , T h i s s u g g e s t s t h a t t h e o p e n - s y s t e m m o d e l i s n o t a p ­
p l i c a b l e t o l a c u s t r i n e e n v i r o n m e n t s w i t h l o w s u l f a t e c o n ­
t e n t s . I n s u c h e n v i r o n m e n t s , t h e s u l f a t e s u p p l y i s a l i m i t ­
i n g f a c t o r o n b a c t e r i a l m e t a b o l i s m . T h e o p e n s y s t e m r e ­
q u i r e s a n e x c e s s o f s u l f a t e c o m p a r e d t o o t h e r n u t r i e n t s . 
A p p l i c a b i l i t y t o L a k e U i n t a 
F i g u r e s 1 6 a n d 1 8 s h o w t h a t s u l f i d e s i n t h e T e r t i a r y 
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r o c k s o f t h e P i c e a n c e C r e e k a n d U i n t a B a s i n s h a v e t w o t y p e s 
o f 6-* S d i s t r i b u t i o n s t h a t a r e s i m i l a r t o t h e d i s t r i b u t i o n s 
s u g g e s t e d b y S c h w a r c z a n d B u r n i e ( 1 9 7 3 ) . S u l f i d e s i n o i l 
s h a l e o f t h e P a r a c h u t e C r e e k M e m b e r h a v e a n a r r o w d i s t r i ­
b u t i o n w i t h m e a n v a l u e s n e a r 3 5 p e r m i l . T h e s u l f i d e s f r o m 
t h e o t h e r u n i t s , w h i c h a r e c h a r a c t e r i z e d b y f l u v i a l , m u d f l a t , 
a n d s h a l l o w - w a t e r l a c u s t r i n e d e p o s i t i o n , h a v e m u c h w i d e r 
'ill . . 
6-^ S d i s t r i b u t i o n s a n d m e a n v a l u e s o f a b o u t 1 5 p e r m i l . A t 
f i r s t o b s e r v a t i o n , t h e t w o d i s t r i b u t i o n s s e e m t o c o r r e l a t e 
w e l l w i t h t h e o p e n a n d c l o s e d s u l f a t e m o d e l s . I n d e e d , t h e 
s e d i m e n t o l o g i c a l c h a r a c t e r i s t i c s o f t h e P a r a c h u t e C r e e k 
M e m b e r s u g g e s t e u x i n i c d e p o s i t i o n ( o p e n s y s t e m ) a n d t h e 
c h a r a c t e r i s t i c s o f t h e u p p e r M e s a v e r d e , W a s a t c h , l o w e r 
G r e e n R i v e r a n d U i n t a F o r m a t i o n s a r e s i m i l a r t o t h e s h a l ­
l o w - m a r i n e d e p o s i t s ( c l o s e d s y s t e m ) . 
T h e p r o b l e m , h o w e v e r , i s t h a t t h e m e a n v a l u e s f o r t h e 
e u x i n i c a n d n o n e u x i n i c f a c i e s o f t h e T e r t i a r y r o c k s a r e 
r e v e r s e d f r o m t h e S c h w a r c z a n d B u r n i e m o d e l s , w h i c h s u g g e s t 
3 4 . 3 4 
t h a t e u x i n i c - 6 ^ S v a l u e s s h o u l d b e m u c h d e p l e t e d m J S 
3 4 
c o m p a r e d t o t h e n o n e u x i n i c - 6 ^ S v a l u e s . F o r e x a m p l e , t h e 
m e a n 6 ~ ^ S v a l u e s f o r t h e K u p f e r s c h i e f e r s u l f i d e s ( e u x i n i c ) 
i s a b o u t - 3 0 p e r m i l a n d t h e W h i t e P i n e s u l f i d e s ( s h a l l o w 
m a r i n e ) h a v e a m e a n n e a r z e r o p e r m i l ( F i g . 1 6 ) . T h i s 
3 4 
e n r i c h m e n t o f J S i n t h e e u x m i c T e r t i a r y d e p o s i t s o f L a k e 
U i n t a ( P a r a c h u t e C r e e k M e m b e r ) c o m p a r e d t o t h e s h a l l o w -
w a t e r l a c u s t r i n e a n d f l u v i a l - m u d f l a t f a c i e s i n d i c a t e s t h a t 
e i t h e r t h e S c h w a r c z - B u m i e m o d e l s d o n o t a p p l y t o L a k e 
7 
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compared t o the noneuxinic-oJ S values . For example, the 
mean 034S values for the Kupferschiefer sulfides (euxinic) 
is about - 30 permil and the White Pine sulfides ( s hallow 
marine) have a mean near zero permil (Fig . 16). This 
enrichment of J4S in the euxinic T~rtiary deposits of Lake 
Uinta (Parachute Creek ~lember) compared to the shallow-
water l acustrine arid fluvial-mudflat facies indicates that 
either the Schwarcz - Burnie ~Qdcls do not apply to Lake 
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U i n t a o r t h a t t h e i s o t o p i c c o m p o s i t i o n o f s u l f a t e e n t e r i n g 
e a c h e n v i r o n m e n t w a s d i f f e r e n t . T h e p r e s e n t d a t a d o n o t 
c o m p l e t e l y r e c o n c i l e t h e d i s c r e p a n c i e s b e c a u s e o f o n e 
p r o b l e m — t h e a b s e n c e o f c o e x i s t i n g , s y n s e d i m e n t a r y - s u l f a t e 
c o m p o u n d s i n t h e G r e e n R i v e r F o r m a t i o n ( B r o b s t a n d T u c k e r , 
1 9 7 3 ? S m i t h a n d R o b b , 1 9 7 3 ) . T h e p u b l i s h e d 6 3 ^ S v a l u e s o n 
s u l f a t e f r o m t h e T e r t i a r y o f t h e U i n t a B a s i n ( H a r r i s o n a n d 
T h o d e , 1 9 5 8 a ) s t r o n g l y s u g g e s t ( F i g , 1 7 ) t h a t t h e s u l f a t e 
? 4 
i s a n o x i d a t i o n p r o d u c t o f s u l f i d e s . W i t h o u t t h e 6~ S c o m ­
p o s i t i o n o f s u l f a t e t h e m a g n i t u d e o f t h e s u l f a t e - s u l f i d e 
f r a c t i o n a t i o n c a n n o t b e d e t e r m i n e d , a n d , t h e r e f o r e , t h e 
i s o t o p i c c o m p o s i t i o n o f t h e s u l f a t e i n e a c h d e p o s i t i o n a l 
s u b e n v i r o n m e n t i n a n d a r o u n d L a k e U i n t a c a n n o t b e c o n ­
c l u s i v e l y d e t e r m i n e d . 
S u l f u r - I s o t o p e M o d e l f o r L a k e U i n t a 
3 4 
A l t h o u g h t h e 6 ^ S d a t a f o r s u l f i d e s i n t h e T e r t i a r y 
u n i t s o f t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s d o n o t c o m ­
p l e t e l y f i t t h e m o d e l s s u g g e s t e d b y S c h w a r c z a n d B u r n i e 
3 4 
( 1 9 7 3 ) , t h e s i m i l a r i t y i n t h e 6J S d i s t r i b u t i o n s w i t h t h e 
m o d e l s i s s u f f i c i e n t t o u s e t h e o p e n a n d c l o s e d s y s t e m s t o 
g e n e r a t e a m o d e l f o r s u l f u r - i s o t o p e b e h a v i o r f o r L a k e 
U i n t a . T h e m o d e l w i l l b e s t f i t t h e P i c e a n c e C r e e k B a s i n 
b e c a u s e m o s t o f t h e d a t a a r e f r o m t h i s b a s i n . H o w e v e r , 
s i n c e L a k e U i n t a o c c u p i e d b o t h b a s i n s , t h e m o d e l i s a p p l i c ­
a b l e t o t h e U i n t a B a s i n d u r i n g c e r t a i n s t a g e s o f d e p o s i t i o n , 
m o s t n o t a b l y d u r i n g P a r a c h u t e C r e e k t i m e . 
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- - e   , synsedimentary- sulfate
   r   ati    Tuc1~er,
1 i   ,   l  4   
lf t    r    i   i  
 )  st .  t  sulfat  
is an oxidation product of sulfide s . Without the 634S com-
position of sul fate the magnitude of t he sulfate -sulfide 
fractionation can not be determined , and , therefore, the 
isotopic compos i t ion of the sulfate in each d~positional 
subenvironrnent in and around Lake Uinta can not be con-
elusively determined. 
Sulfur-I sotope Model for Lake Uinta 
Although the 634S data for sulfides in t he Tertiary 
units of the Uinta and Piceance Creek Basi s do not com-
ple ely fit t he model s suggest d by Schwarcz and Burnie 
(1973) , the simil ari ty in the 634S distributio s with the 
models is sufficient to use the open and closed sys t ems to 
gener ate a mode l for sulfur-isotope behavior f or Lake 
Uinta . The model will best fit t he Piceance Creek Basin 
because most of the data are from this basin . However , 
since Lake Uinta occupied both basins, the model is applic-
able to th e Uinta Basin during certain stages of deposition , 
most no tably dU!'ing Par achute Creek time. 
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C h a r g e t e r i z a t i o n o f . m o d e l 
3 4 
T h e c h a n g e s i n 6- - S v a l u e s u p w a r d t h r o u g h t h e T e r t i a r y -
s t r a t a ( F i g , 3*0 s h o w s t h a t t h e s u l f u r s y s t e m i n t h e L a k e 
U i n t a d r a i n a g e b a s i n w a s d y n a m i c a n d c h a n g e d f r o m a c l o s e d 
s u l f a t e - s u p p l y s y s t e m t o a n o p e n s u l f a t e - s u p p l y s y s t e m 
a n d t h e n b a c k t o a c l o s e d s y s t e m . T h e o p e n s y s t e m o c c u r r e d 
d u r i n g o i l s h a l e d e p o s i t i o n . T h e c l o s e d s y s t e m s e x i s t e d 
d u r i n g g r a d u a l e x p a n s i o n o f L a k e U i n t a i n t h e e a r l y E o c e n e 
( l o w e r G r e e n R i v e r F o r m a t i o n ) a n d a l s o d u r i n g a r e g r e s s i v e 
p h a s e o f t h e l a k e w h e n t h e c l i m a t e w a s m o r e a r i d a n d i n f a l l 
o f p y r o c i a s t i c s w a s h i g h ( u p p e r m o s t G r e e n R i v e r F o r m a t i o n 
a n d U i n t a F o r m a t i o n ) . 
T h e s u l f a t e - s u p p l y s y s t e m a l s o v a r i e d f r o m o n e p a r t o f 
t h e d r a i n a g e b a s i n t o a n o t h e r a t t h e s a m e t i m e . L a k e U i n t a ' s 
d r a i n a g e b a s i n c o v e r e d a l l o f t h e n o r t h e a s t e r n p a r t o f U t a h , 
m o s t o f w e s t e r n C o l o r a d o a n d s o u t h e r n - m o s t W y o m i n g ( R o b i n s o n , 
1 9 7 2 ) , L a c u s t r i n e f a c i e s w e r e u n d o u b t e d l y s u r r o u n d e d b y 
b r o a d e x p a n s e s o f f l u v i a l a n d m u d f l a t d e p o s i t i o n . L a c u s ­
t r i n e d e p o s i t i o n c h a n g e d l a t e r a l l y f r o m s h a l l o w - w a t e r f a c i e s 
w i t h c a r b o n a t e d e p o s i t i o n ( e . g . , a l g a l s t r o m a t o l i t e ) n e a r 
s h o r e t o c l a y s t o n e a n d s i l t s t o n e d e p o s i t i o n o f f s h o r e t o o i l 
s h a l e d e p o s i t i o n i n t h e b a s i n c e n t e r . S i n c e t h e r e i s a 
c o m p l e t e c o e x i s t e n c e o f f l u v i a l , m u d f l a t , s h a l l o w - w a t e r 
l a c u s t r i n e , a n d d e e p - w a t e r l a c u s t r i n e d e p o s i t i o n , b o t h o p e n 
a n d c l o s e d s u l f a t e - s u p p l y s y s t e m s a l s o c o e x i s t e d . I n d e e d , 
i n f l o w i n g s u l f a t e t o t h e d e e p - l a c u s t r i n e e n v i r o n m e n t s ( o p e n 
s u l f a t e - s u p p l y s y s t e m ) h a d t o f i r s t p a s s t h r o u g h t h e f l u v i a l -
 
ac ti n  odel 
Tile changes in b S values upward through the Tertiary 
strata (Fig, 34) shows that the sulfur sys tem in the Lake 
uinta drainage basin was dynamic and changed from a closed 
sulfate-supply sys tem to an open sulfate-supply system 
IDId then back to a closed system. The open system occurred 
during oil shale deposition. The cl osed systems existed 
during gradual expansion of Lake Uinta in the early Eocene 
(lower Green River Formation) and al so during a regressive 
phase of the l ake when the climate was more arid and infall 
of pyroclastics was high (uppermost Green River Formation 
and Uinta Formation), 
The sulfate-supply system also varied from one part of 
t he drainage basin to another at the same time, Lake Uinta ' s 
drainage basin covered all of the northeastern part of Utah, 
most of western Colorado and southern-most Wyoming (Robinson, 
1972), Lacustrine facies were undoubt edly surrounded by 
broad expanses of f luvial and mudflat deposition, Lacus-
trine depo s ition changed laterally from shallow-water facies 
with carbonate deposition (e, g " algal stromatolite) near 
shore to claystone and siltstone depositivn off shore to oil 
shale deposition in the basin center, Since there i s a 
complete coexistence of fluvial, mudflat, shallow-water 
lacustrine, and deep -water lacustrine deposition, both open 
and closed sul fate-supply systems also coexisted. Indeed, 
inflowing sulfate to the deep -lacustrine environments (open 
sulfate - supply system) had to first pass through the fluvial -
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m u d f l a t a n d s h a l l o w - w a t e r l a c u s t r i n e e n v i r o n m e n t s t h a t h a d 
c l o s e d s u l f a t e - s u p p l y s y s t e m s , 
A d i a g r a m m a t i c s u l f u r - i s o t o p e m o d e l f o r L a k e U i n t a 
d u r i n g o i l s h a l e d e p o s i t i o n i s p r e s e n t e d i n F i g u r e 3 5 . 
T h e m o d e l i n c l u d e s a l l f a c i e s d e s c r i b e d p r e v i o u s l y a n d 
p o s t u l a t e s t h e s u l f u r - i s o t o p e b e h a v i o r o f t h e t o t a l s y s t e m . 
T h e p l a c e m e n t o f e a c h f a c i e s i s c o n s i s t e n t w i t h " W a l t h e r ' s 
L a w o f S u c c e s s i o n o f F a c i e s " . T h u s , F i g u r e 3 5 i s t h e l a t e r a l 
e q u i v a l e n t o f t h e s t r a t i g r a p h i c c o l u m n i l l u s t r a t e d i n F i g ­
u r e Jht T h e v e r t i c a l s u l f u r - i s o t o p e t r e n d ( F i g . 3 * 0 i s 
a l s o t h e s a m e a s e x h i b i t e d l a t e r a l l y ( F i g . 3 5 ) . 
L a k e U i n t a i s d e p i c t e d i n F i g u r e 3 5 a s b e i n g a p e r ­
m a n e n t l y s t r a t i f i e d l a k e d u r i n g o i l s h a l e d e p o s i t i o n . 
C h a p t e r 2 s h o w s t h a t t h e b u l k o f t h e P a r a c h u t e C r e e k M e m b e r 
i s r h y t h m i c a l l y l a m i n a t e d ( v a r v e d ) . T h e s e l a m i n a t i o n s e x ­
t e n d u n i n t e r r u p t e d f o r m a n y m i l e s a c r o s s t h e U i n t a a n d 
P i c e a n c e C r e e k B a s i n s ( C u r r y , 1 9 6 4 ; T r u d e l l a n d o t h e r s , 
1 9 7 0 ) , d e m o n s t r a t i n g t h a t t h e d e p o s i t i o n a l e n v i r o n m e n t f o r 
o i l s h a l e w a s v e r y w i d e s p r e a d a n d u n i f o r m . An e n v i r o n ­
m e n t s u c h a s t h i s c a n b e b e s t g e n e r a t e d i n a p e r m a n e n t l y 
s t r a t i f i e d l a k e ( B r a d l e y , 1 9 7 3 ; B r o b s t a n d T u c k e r , 1 9 7 3 , 
S m i t h a n d R o b b , 1 9 7 3 ) w h e r e t h e s t a g n a n t l o v / e r l a y e r 
( m o n i m o l i m n i o n ) i s n o t d i s t u r b e d b y c u r r e n t s . 
F l u v i a l - m u d f l a t f a c i e s 
L i t h o l o g i c c h a r a c t e r i z a t i o n . P i c a r d a n d H i g h ( 1 9 ? 2 a , 
f i g . 8 ) d e p i c t L a k e U i n t a a s b e i n g s u r r o u n d e d b y a b r o a d 
f r i n g e t h a t w a s t h e s i t e o f f l u v i a l , d e l t a i c a n d m u d f l a t 
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d e p o s i t i o n . T h e e x t e n t o f t h e f l u v i a l - m u d f l a t e n v i r o n m e n t 
i n t h e P i c e a n c e C r e e k B a s i n i s n o t k n o w n b e c a u s e m a n y o f 
t h e r o c k s d e p o s i t e d i n i t h a v e b e e n r e m o v e d b y e r o s i o n . 
I t i s p r o b a b l e t h a t t h e e x t e n t v / a s l a r g e , p o s s i b l y u p t o 
o n e - h a l f o f t h e t o t a l a r e a o f t h e d r a i n a g e b a s i n . 
T h e d o m i n a n t l i t h o l o g i e s i n t h e f l u v i a l - m u d f l a t 
f a c i e s a r e s a n d s t o n e , s i l t s t o n e a n d m u d s t o n e . T h e c o a r s e r 
g r a i n e d t e r r i g e n o u s r o c k s c o m m o n l y f o r m d i s c r e t e f l u v i a l 
c h a n n e l s . T h e f i n e - g r a i n e d r o c k s a r e t h e m o s t e x t e n s i v e , 
g e n e r a l l y l a c k s t r a t i f i c a t i o n , a n d h a v e t h e h i g h e s t p r o ­
p o r t i o n o f i r o n - s u l f i d e m i n e r a l s . M o s t o f t h e f i n e - g r a i n e d 
r o c k s a r e a n a l c i m e - r i c h ; t h e s a n d s t o n e s g e n e r a l l y a r e n o t 
( F i g . 2 5 ) . 
I s o t o n i c c h a r a c t e r i z a t i o n . S u l f i d e s t a k e n f r o m s a n d ­
s t o n e a n d i n t e r b e d d e d f i n e - g r a i n e d r o c k i n t h e D o u g l a s 
3 4 
C r e e k M e m b e r i n d i c a t e c o n s i d e r a b l e 6 ^ S v a r i a b i l i t y b o t h 
l a t e r a l l y ( F i g . 2 9 ) a n d v e r t i c a l l y ( F i g . 3 1 ) . F i g u r e 3 1 
s h o w s t h a t t h e 6 ^ S c o m p o s i t i o n o f s u l f i d e s i s c l o s e l y 
r e l a t e d t o t h e l i t h o l o g y o f t h e h o s t r o c k , a n d t h a t s u l f i d e s 
3 4 
i n o r n e a r s a n d s t o n e c h a n n e l s a r e d e p l e t e d i n • S , S u l f i d e s 
3 4 ^ 4 
i n l a c u s t r i n e m a r l s t o n e a r e e n r i c h e d i n J S . T h e oJ S d i s ­
t r i b u t i o n o f s u l f i d e s f r o m t h e G a r d e n G u l c h a n d D o u g l a s 
C r e e k M e m b e r s i s f l a t a n d , a s p o i n t e d o u t i n p r e v i o u s s e c ­
t i o n s , a p p r o a c h e s t h e d i s t r i b u t i o n p a t t e r n c h a r a c t e r i s t i c 
o f a c l o s e d s u l f a t e - s u p p l y s y s t e m . 
I n t h e f l u v i a l - m u d f l a t f a c i e s , t h e m e a n d e r i n g o f 
c h a n n e l s a n d t h e m o v e m e n t o f g r o u n d w a t e r p r o d u c e d a n 
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Creek Member indicate considerable 6 S variability both 
laterally (Fig. 29) and vertically (Fig . 31) . Figure 31 
shows that the 634s composition of sulfides is closely 
related to the lithology of the host rock, and that sulfides 
in or near sandstone cha~els are depleted in 345 . Sulfides 
in lacustrine marl stone are enriched in 45 . The 0345 dis-
tribution of sulfides from the Garden Gulch and Douglas 
Creek Members is flat and . as point d o t in previ us ec -
tions. approaches the distributio  pattern characteristic 
of a closed sulfate - supply system . 
In the fluvial mudflat facies . the meandering of 
channels and the movement of gr ound water produced an 
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e n v i r o n m e n t o f c h a n g i n g g e o c h e m i c a l c o n d i t i o n s . I n r e d u c ­
i n g z o n e s , p r o b a b l y m i c r o e n v i r o n m e n t s , s u l f a t e - r e d u c i n g b a c ­
t e r i a w e r e a c t i v e a n d p r o d u c e d h y d r o g e n s u l f i d e t h a t r e a c t ­
e d w i t h d e t r i t a l i r o n c o m p o u n d s t o f o r m i r o n s u l f i d e . 
A s s h o w n b y T a b l e 2 , e a c h m i c r o e n v i r o n m e n t i s d i f f e r e n t 
3 4 
f r o m t h e a d j a c e n t o n e , T h e f a c t t h a t 6 ^ S v a l u e s o f 
c o n t e m p o r a n e o u s s u l f i d e s v a r i e s s h o w s t h a t s u l f a t e a n d 
o r g a n i c - m a t t e r s u p p l i e s a n d b a c t e r i a l - p o p u l a t i o n d e n s i t i e s 
w e r e n o t u n i f o r m . 
I n p u t o f s u l f a t e . I n f l o w o f f r e s h w a t e r i n t o t h e 
f l u v i a l - m u d f l a t e n v i r o n m e n t c a m e f r o m d r a i n a g e s t h a t w e r e 
e r o d i n g m a r i n e s a n d s t o n e s a n d s h a l e s o f t h e M a n c o s S h a l e 
a n d M e s a v e r d e F o r m a t i o n ( C r e t a c e o u s ) , T h i s i s p o s t u l a t e d 
b e c a u s e t h e s e u n i t s w e r e t h e l a s t e x t e n s i v e s e d i m e n t s 
d e p o s i t e d b e f o r e t h e P a l e o c e n e , a n d t h u s , w o u l d b e t h e f i r s t 
t o b e e r o d e d w h e n T e r t i a r y d e p o s i t i o n b e g a n ( H a u n a n d 
W e i m e r , I 9 6 0 ; B r o b s t a n d T u c k e r , 1 9 7 3 ) . 
W a t e r s f r o m t h e h i g h l a n d s b r o u g h t d i s s o l v e d s u l f a t e 
t h a t w a s t h e p r o d u c t o f t h e w e a t h e r i n g a n d e r o s i o n o f 
C r e t a c e o u s r o c k s . T h e i s o t o p i c c o m p o s i t i o n o f t h e s u l f a t e 
w a s p r o b a b l y s i m i l a r t o t h e s u l f u r - i s o t o p e c o m p o s i t i o n o f 
t h e s u l f u r c o m p o u n d s i n t h e C r e t a c e o u s r o c k s , H o l s e r a n d 
K a p l a n ( 1 9 6 6 ) i n d i c a t e t h a t C r e t a c e o u s m a r i n e e v a p o r i t e s 
a n d c o n t e m p o r a n e o u s s e a w a t e r h a v e p e r m i l v a l u e s a v e r a g i n g 
b e t w e e n 2 0 a n d 2 5 p e r m i l . T h e r e f o r e , i t s e e m s r e a s o n a b l e 
t o a s s u m e t h a t t h e t o t a l s u l f a t e e r o d e d f r o m t h e C r e t a c e o u s 
u n i t s w a s a l s o b e t w e e n 2 0 a n d 2 5 p e r m i l . 
 
ent f gi g l iti s. 'n du -
l1g  t o a. J~ i viron ents , ate - r educi:.g -
ia e ti   o uce  ge  lfi e t r -
 ",'i  i l  o s    sulfid  
s ovm  le ,  i i ent s differen  
from the adj acent one, The f act that 6 S values of 
contemporaneous sulfides varies shows that sulfate and 
organ;'c-matter supplies and bacterial-population den s ities 
were not uni form. 
Jnput of sulfat e , Inflow of fresh water into the 
fluvial-mudflat environment came from drainages that were 
eroding marine sandstones and shal es of t he Manc os Shale 
and Mesaverde Fonnation (Cretaceous) . Thi s is postulated 
because these units were the last extensive sediments 
depo s ite d before the Paleocene, and thus, would be the first 
to be eroded when Tertiary deposition began (H aun and 
Waimer, 1960 ; Brobst and Tucker, 1973) , 
Waters from the highlands brought dissolved sulfa te 
that was the product of the weathering and erosion of 
Cretaceous rocks . The isotopic composition of th~ sulfate 
was probabl y similar to the sulfur-i sotop~ composition of 
the sulfur compounds in the Cretaceous rocks . Hol ser and 
Kaplan (19 66 ) indicate that Cretaceous marine evaporites 
and contemporaneous seawater have permil values av e raging 
between 20 and 25 perrnil. 'rherefore . it seems reasonable 
to assume that the t otal sulfate eroded from the Cr e taceous 
units was al so betwe er. 20 and 25 permil . 
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S u l f a t e a l s o e n t e r e d t h e d r a i n a g e b a s i n i n a t m o s p h e r i c 
p r e c i p i t a t i o n . S u l f a t e i n p r e s e n t - d a y p r e c i p i t a t i o n a v e r a g e s 
a b o u t 1 0 p e r m i l a n d f l u c t u a t e s w i d e l y d e p e n d i n g o n t h e 
o r i g i n a l s o u r c e o f t h e s u l f u r t o t h e a t m o s p h e r e ( O s t l a n d . 
1 9 5 9 ; J e n s e n a n d N a k a i , 1 9 6 1 } M i z u t a n i a n d R a f t e r , 1 9 6 9 ) . 
A l t h o u g h t h e s u l f a t e i n t h e a t m o s p h e r i c p r e c i p i t a t i o n w a s 
p o s s i b l y i s o t o p i c a l l y l i g h t e r t h a n t h e s u l f a t e i n t h e 
C r e t a c e o u s r o c k s s u r r o u n d i n g L a k e U i n t a , i t p r o b a b l y d i d n o t 
s t r o n g l y a f f e c t t h e t o t a l s u l f u r - i s o t o p e s y s t e m . T h e 
c o n c e n t r a t i o n o f s u l f a t e i n a t m o s p h e r i c p r e c i p i t a t i o n i s 
g e n e r a l l y m u c h l e s s t h a n t h e s u l f a t e c o n t e n t i n s t r e a m s a n d 
l a k e s . N a k a i a n d J e n s e n ( 1 9 6 4 ) r e p o r t t h a t i n L i n s l e y P o n d , 
C o n n e c t i c u t , t h e s u l f a t e i n a t m o s p h e r i c p r e c i p i t a t i o n i s 
o n l y 1 . 2 m g / l , w h i l e t h e s u l f a t e c o n c e n t r a t i o n i n s u r f a c e 
w a t e r s r a n g e s f r o m 5 . 1 t o 8 . 8 m g / l . 
3 4 
M a u g e r ( 1 9 7 2 ) c o n s i d e r e d t h e p r o b a b l e 6 ^ S c o m p o s i t i o n 
o f s u l f a t e e n t e r i n g L a k e U i n t a a n d e s t i m a t e d t h a t i t w a s 
a b o u t 1 0 p e r m i l . He b a s e d t h i s e s t i m a t e , h o w e v e r , o n i s o ­
t o p i c a s s a y s o f p r e s e n t - d a y s t r e a m - w a t e r s u l f a t e i n t h e 
U i n t a B a s i n . T h e s e s t r e a m s c o m e f r o m a n a r e a u n d e r l a i n b y 
r o c k s o f m a n y a g e s a n d c o m p o s i t i o n s . T h u s , h i s e s t i m a t e 
i s p r o b a b l y n o t a n a c c u r a t e r e f l e c t i o n o f t h e 6 - ^ s c o m p o s i ­
t i o n o f s u l f a t e e n t e r i n g L a k e U i n t a d u r i n g t h e E o c e n e . 
M a u g e r a n d o t h e r s ( 1 9 7 3 » p . 5 ) s u g g e s t e d t h a t s u l f a t e 
e n t e r i n g L a k e U i n t a w a s p o s s i b l y a s h e a v y a s 2 0 p e r m i l . 
I s o t o p i c f r a c t i o n a t i o n . S c h w a r c z a n d B u r n i e ( 1 9 7 3 ) 
h a v e s h o w n t h a t t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n i n a 
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~Iauger (1972) considered the probable 6 5 composition 
of sulfate entering Lake Uinta and estimated that it was 
about 1 0 permil. He based this estimate, however , on iso -
topic assa.ys of present-day stream-water sulfate in the 
Uinta Bas in. These streams come from an area underlain by 
rocks of many ages and compositions . Thus, his estimate 
is probabl y not an accurate reflection of the 0345 composi -
tion of sulfate enteri~g Lake Uinta during the Eocene. 
Mauge r and othe r s ( 1973 , p . 5) suggested that sulfate 
entering Lake Uinta was possibl y as heavy as 20 permi1. 
I sotopic fraction ation . Schwarcz and Burnie (1973) 
havp. shoym that the sulfate-sulfide fractionation in a 
1 5 5 
f l u c t u a t i n g s u l f a t e s u p p l y ( c l o s e d s y s t e m ) c a n r a n g e f r o m 
- 3 t o 2 5 p e r m i l . I f t h e a s s u m p t i o n i s m a d e t h a t t h e s u l f a t e 
i n i t i a l l y e n t e r i n g t h e f l u v i a l - m u d f l a t e n v i r o n m e n t w a s 
3 4 
a b o u t 2 5 p e r m i l , t h e s u l f i d e s f o r m e d c o u l d h a v e 6 ^ S v a l u e s 
f r o m 2 8 t o 0 p e r m i l . F i g u r e s 1 8 a n d 3 ^ s h o w a w i d e r a n g e 
3 4 
i n bJ S v a l u e s a n d a m e a n n e a r 1 5 p e r m i l f o r s u l f i d e s a s s o c ­
i a t e d w i t h f l u v i a l r o c k s i n t h e D o u g l a s C r e e k M e m b e r . T h e 
1 5 p e r m i l m e a n s u g g e s t s t h a t t h e s u l f a t e - s u l f i d e f r a c t i o n a ­
t i o n w a s a b o u t 1 0 p e r m i l , i f t h e i n i t i a l s u l f a t e w a s 2 5 p e r ­
m i l . H a r r i s o n a n d T h o d e ( 1 9 5 8 b ) h a v e s h o w n t h a t t h e a v e r a g e 
s u l f a t e - s u l f i d e f r a c t i o n a t i o n i n m o s t l o w - s u l f a t e a q u e o u s 
s y s t e m s i s b e t w e e n 1 0 a n d 1 5 p e r m i l . T h u s , i t i s n o t 
u n r e a s o n a b l e t o e s t i m a t e t h e s u l f a t e - s u l f i d e f r a c t i o n a t i o n 
a s 1 0 p e r m i l i n t h e f l u v i a l - m u d f l a t e n v i r o n m e n t . 
T h e r e w a s p r o b a b l y a c o n t i n u o u s c h a n g e i n t h e bJ S c o m p ­
o s i t i o n o f t h e d i s s o l v e d s u l f a t e a s i t m o v e d a c r o s s t h e 
f l u v i a l - m u d f l a t f r i n g e . A s a r e a s o f o r g a n i c m a t t e r v / e r e 
e n c o u n t e r e d , s u l f a t e - r e d u c i n g b a c t e r i a e x t r a c t e d s o m e o f 
t h e s u l f a t e a n d c o n v e r t e d i t t o h y d r o g e n s u l f i d e t h a t w a s 
3 4 
d e p l e t e d m J S c o m p a r e d t o t h e s u l f a t e . H y d r o g e n s u l f i d e 
v / a s e i t h e r l o s t f r o m t h e s y s t e m b y r e a c t i o n w i t h e l a s t i c 
i r o n m i n e r a l s t o f o r m i r o n s u l f i d e o r e s c a p e d i n t o t h e 
a t m o s p h e r e . T h e o v e r a l l r e s u l t w a s t o s e l e c t i v e l y r e m o v e 
3 2 
J
 S f r o m t h e s u l f a t e r e s e r v o i r , 
3 2 
T h e n e t l o s s o f s u l f u r a n d ^ S a s t h e s u l f a t e m o v e d 
a c r o s s t h e f l u v i a l - m u d f l a t f r i n g e i s d e p i c t e d i n F i g u r e 
3 5 "by t h e i s o t o p e - f r a c t i o n a t i o n c u r v e w h i c h s h o w s a g r a d u a l 
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about 25 permil, the sulfides formed could have o3 s values 
    i .    4    r
in &3 8 values and a mean near 1 5 permil for sulfides aesoc-
i ated with fluvial r ocks in the Dougl as Creek Member. The 
15 permil mean suggests that the sulfate - sulfide f~ac tiona­
tion ViaS about 1 0 permil, if the ini tial sulfate was 25 per-
mil. Harrison and Thode (l958b) have shown that the average 
sulfate-sulfide fractionation in most l ow- sulfate aqueous 
systems i s between 10 and 15 permil. Thu s , it is not 
unreascnabl p, to estimate the sulfate - sulfide f ractionation 
as 1 0 pelillil in the fluvial-mudfl at environment . 
There was probabl y a continuous change in the 6345 comp-
osition of the dissolved sulfate as it moved across t he 
fluvial-mudflat fringe . As areas of organic matter were 
encountered, sulfate - reducing bacteri a extracted some of 
the sulfate a~d converted it to hydrogen sulfide that was 
deple t ed in 34S oompared to the sulfate. Hydrogen sulfi de 
was either l ost from the system by reaction with c l astic 
iron miner als to form iron sulfide or escaped into the 
atmosphere . The overall r esult was to sel e c t ively remove 
32S from the sulfat  rese voir. 
The net l oss of sulfur and 325 as the sulfate moved 
across the fluvial-mudflat fr inge is depicted in Fi gure 
35 by the i sotope-fractionation curve whi ch shows a gradual 
1 5 6 
3 4 
i n c r e a s e i n J S t o w a r d s t h e l a c u s t r i n e f a c i e s . O t h e r 
w o r k e r s ( B r a d l e y a n d E u g s t e r , 1 9 6 9 , p . 2 7 - 2 9 ; B r o b s t a n d 
T u c k e r , 1 9 7 3 , p . 5 2 ; M a u g e r a n d o t h e r s , 1 9 7 3 1 P . 5 ) h a v e 
a l s o s u g g e s t e d t h a t t h e m u d f l a t s a r o u n d L a k e U i n t a a n d 
L a k e G o s i u t e w e r e t h e s i t e s o f h y d r o g e n s u l f i d e p r o d u c t i o n 
a n d e s c a p e t o t h e a t m o s p h e r e . 
S h a l l o w - w a t e r l a c u s t r i n e f a c i e s 
L i t h o l o g i c c h a r a c t e r i z a t i o n . T h e s h a l l o w - w a t e r l a c ­
u s t r i n e r o c k s o f t h e G r e e n R i v e r F o r m a t i o n a r e s i m i l a r t o 
s h a l l o w - w a t e r m a r i n e d e p o s i t s i n t h e i r f a c i e s r e l a t i o n s h i p s 
a n d g e n e r a l p e t r o l o g y ( W i l l i a m s o n a n d P i c a r d , 1 9 7 4 ) , b u t 
f o r m a n a r r o w e r a r e a l d i s t r i b u t i o n ( P i c a r d a n d H i g h , 1 9 7 2 b ) . 
B r a d l e y ( 1 9 2 9 a ) , L e a r n e r ( I 9 6 0 ) , W i l l i a m s o n a n d P i c a r d ( 1 9 7 4 ) 
h a v e d e s c r i b e d t h e s e r o c k s . 
T h e r o c k s a r e d o m i n a n t l y c a r b o n a t e s a n d c a l c a r e o u s 
t e r r i g e n o u s t y p e s . T h e c a r b o n a t e r o c k s i n c l u d e a w i d e 
v a r i e t y o f t y p e s , b u t a l l o c h e m i c a l a n d a u t o c h t h o n o u s t y p e s 
p r e d o m i n a t e ( W i l l i a m s o n a n d P i c a r d , 1 9 7 4 ) . 
T h e s h a l l o w - w a t e r l a c u s t r i n e f a c i e s i n t h e u p p e r 
D o u g l a s C r e e k a n d l o w e r G a r d e n G u l c h M e m b e r s a t D o u g l a s 
P a s s s h o w c y c l i c a l d e p o s i t i o n ( C o l e a n d P i c a r d , 1 9 7 4 ) , 
s u g g e s t i n g t h a t t r a n s g r e s s i o n s a n d r e g r e s s i o n s w e r e c o m m o n . 
O n l y a l i m i t e d n u m b e r o f i r o n - d i s u l f i d e s a m p l e s w e r e c o l l e c t ­
e d f r o m t h e f i n e r g r a i n e d r o c k s i n t e r b e d d e d w i t h c r o s s -
s t r a t i f i e d o r l a m i n a r s a n d s t o n e a n d c a r b o n a t e r o c k s . T h e 
s u l f i d e s a r e a l l p y r i t e ( F i g . 2 3 ) . 
 
increa.se in J4S to'liards the lacustrin~ facies . Other 
workers (BI'adley and Eugs ter. 1969 . p. 27- 29, Brobst and 
Tucker. 1973. p. 521 Mauge r and others. 1973 . p. 5) have 
also suggested that the mudflats ~ound Lake Uinta and 
Lake Gosiute were the sites of hydrogen sulfide production 
and escape to the atmosphere. 
Shallo - ater l c stri e facies 
it ologic c r cteriz ti . he s allo - ater l ac -
t i  s f t  ree  i  r ati   si il  t  
s ll - t  ri e sits i  t i  f i  relationships 
 r l tr l  ( illi s   i r . ). t 
f r   rr r r l i tri ti  ( i r   i . 1972 ) . 
r l  ). m r 1 ). illi   i  (1  
 i ed  . 
e s  i tl  ates  calcar s 
t rigenous t s , e te s i l   i e 
i t  f t s , t ll ical  t t o s t s 
inate illi   i r . . 
 l l o - ate  l i  i  i    
gl s e  ': l  e  l  e e s  l  
  li l siti  l   i r . . 
s sti  t t t sg essi s  essi s ere c . 
l   li ite  e  f i - i s lfi e ples e c lle -
 om  i  i e  s i e  i  cr s -
atified  i  st e  ate s.  
lfi es e ll rit  i .  
1 5 7 
I s o t o p i c c h a r a c t e r i z a t i o n , T h e s u l f u r - i s o t o p e v a l u e s 
f o r s u l f i d e s f r o m t h e s h a l l o w - w a t e r l a c u s t r i n e f a c i e s s h o w 
a w i d e d i s t r i b u t i o n ( F i g . 3-1) w h i c h i s s u g g e s t i v e o f a 
c l o s e d s u l f a t e - s u p p l y s y s t e m . F i g u r e 3 5 s u g g e s t s t h a t 
s u l f i d e s o f t h e s h a l l o w - w a t e r l a c u s t r i n e e n v i r o n m e n t a r e 
e n r i c h e d i n J S c o m p a r e d t o s u l f i d e s f r o m t h e a d j a c e n t 
m u d f l a t . F i g u r e 3 1 s u b s t a n t i a t e s t h i s p r e d i c t i o n a n d s h o w s 
t h a t s u l f i d e s i n f i n e - g r a i n e d r o c k a s s o c i a t e d w i t h a l g a l 
c a r b o n a t e s a r e i s o t o p i c a l l y h e a v i e r t h a n s u l f i d e s a s s o c i a t ­
e d w i t h s a n d s t o n e , 
I s o t o p i c f r a c t i o n a t i o n . T h e s u l f a t e e n t e r i n g t h e 
3 4 
s h a l l o w - w a t e r l a c u s t r i n e e n v i r o n m e n t w a s e n r i c h e d i n S 
c o m p a r e d t o t h e s u l f a t e e n t e r i n g t h e m u d f l a t f r i n g e b e c a u s e 
3 2 
o f l o s s o f S i n t h e m u d f l a t b y p r e c i p i t a t i o n o f s u l f i d e s 
a n d l o s s o f h y d r o g e n s u l f i d e t o t h e a t m o s p h e r e . T h e s u l ­
f a t e c o n t e n t i n s o l u t i o n w a s a l s o r e d u c e d . T h e s u l f a t e 
3 4 
e n t e r i n g t h e l a k e p r o b a b l y h a d a 6 ^ S v a l u e b e t w e e n 2 5 a n d 
3 0 p e r m i l . T h e s u l f i d e s f r o m t h i s f a c i e s h a v e a m e a n n e a r 
3 0 p e r m i l ( F i g . 3 1 ) . T h i s s u g g e s t s t h a t b a c t e r i a l f r a c t i o n a ­
t i o n w a s l e s s t h a n i n t h e m u d f l a t ( i . e . , 1 0 p e r m i l ) . 
H a r r i s o n a n d T h o d e ( 1 9 5 8 b ) h a v e s h o w n t h a t a s t h e s u l f a t e 
a v a i l a b l e t o s u l f a t e - r e d u c i n g b a c t e r i a , d i m i n i s h e s , t h e m a g ­
n i t u d e o f t h e f r a c t i o n a t i o n a l s o d e c r e a s e s . S i n c e t h e s u l ­
f a t e c o n t e n t i n t h e s h a l l o w - w a t e r l a c u s t r i n e z o n e w a s l e s s 
t h a n i n t h e m u d f l a t , t h e f r a c t i o n a t i o n s h o u l d b e l e s s t h a n 
1 0 p e r m i l , p e r h a p s 5 p e r m i l , A 5 p e r m i l f r a c t i o n a t i o n 
w o u l d p r o d u c e s u l f i d e s w i t h 6 - S v a l u e s o f a b o u t 2 5 t o 3 0 
p e r m i l i f t h e s u l f a t e w a s 3 0 t o 3 5 p e r m i l . 
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of loss of 3 5 in the mudflat by precipitation of sul!ides 
and loss of hydrogen sulfide to the atmosphere. The sUl-
fat e content in solution was also reduced , The sulfate 
entering t he lake probably had a 034S value between 25 and 
)0 permil . The sulfides from this facies have a mean near 
30 per il (Fig. 31). This suggests that bacterial fractiona-
tion 'Nas less than in the mudflat (i . e .• 10 permil). 
Harriscn and Thode (l958b) have sho"n that as the sulfate 
available to sul fate - reducing bacteria diminishes, the mag-
n itude of the fractionation also decreases. Since the sul-
fate content in the shallow-wate=- lacustrine zone was le ss 
than in the mudfl at, the fractionation shc':lld be l ess than 
10 permil , perhaps 5 permil. A 5 permil fractionation 
would produce sulf ides with 0345 values of about 25 to )0 
permil if th  lfat  was )0 to 35 pcrmil . 
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T h e h y d r o g e n s u l f i d e g e n e r a t e d b y b a c t e r i a l r e d u c t i o n 
i n t h e s h a l l o w - w a t e r l a c u s t r i n e e n v i r o n m e n t r e a c t e d w i t h 
i r o n c o m p o u n d s t o f o r m i r o n s u l f i d e o r e s c a p e d i n t o t h e 
a t m o s p h e r e . T h e n e t r e s u l t o f s u l f a t e r e d u c t i o n w a s t o 
f u r t h e r r e d u c e t h e s u l f a t e c o n t e n t i n t h e s y s t e m a n d t o 
e n r i c h t h e r e s i d u a l s u l f a t e i n - S , 
O f f s h o r e l a c u s t r i n e f a c i e s 
L i t h o l o g i c c h a r a c t e r i z a t i o n . T h e , s e d i m e n t s d e p o s i t e d 
o f f s h o r e i n L a k e U i n t a w e r e m a i n l y f i n e - g r a i n e d c a l c a r e o u s 
s e d i m e n t s , A f t e r l i t h i f i c a t i o n , t h e s e s e d i m e n t s b e c a m e m a r l ­
s t o n e a n d l o w g r a d e s o f o i l s h a l e . T h e s t r a t i f i c a t i o n 
c h a r a c t e r i s t i c s o f m a r l s t o n e a n d o i l s h a l e a r e s i m i l a r 
( F i g , 1 1 ) . T h e r e f o r e , i t s e e m s r e a s o n a b l e t h a t d e p o s i t i o n a l 
c o n d i t i o n s w e r e s i m i l a r f o r t h e d e p o s i t i o n o f m a r l s t o n e a n d 
o i l s h a l e . I n d e e d , i t i s c o m m o n t o f i n d o i l s h a l e a n d 
m a r l s t o n e i n t e r l a m i n a t e d . 
O i l s h a l e w a s t h e c o m m o n l i t h o l o g y i n t h e b a s i n * 
c e n t e r a n d m a r l s t o n e t h e c o m m o n l i t h o l o g y s h o r e w a r d . T h e 
p r e s e r v a t i o n o f s o m e o r g a n i c m a t t e r i n m a r l s t o n e a n d i t s 
s t r a t i f i c a t i o n a n d s e c o n d a r y s t r u c t u r e s s u g g e s t t h a t i t 
f o r m e d i n q u i e t - w a t e r a n o x i c c o n d i t i o n s ( i . e . , a m o n i m o l i m -
n i o n ) . F i g u r e 3 5 s h o w s t h a t t h e t r a n s i t i o n b e t w e e n t h e m i x -
o l i m n i o n a n d m o n i m o l i m n i o n o c c u r r e d i n t h e o f f s h o r e e n v i r o n ­
m e n t . T h i s e x p l a i n s w h y c e r t a i n m a r l s t o n e s a n d c l a y e y 
s i l t s t o n e s i n t h e u p p e r G a r d e n G u l c h M e m b e r h a v e i n d i s t i n c t 
s t r a t i f i c a t i o n , l e s s o r g a n i c m a t t e r a n d l e s s d o l o m i t e . 
T h e t r a n s i t i o n b e t w e e n m i x o l i m n i c a n d m o n i m o l i m n i c d e p o s i t i o n 
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i n t h e G a r d e n G u l c h M e m b e r i s a l s o m a r k e d b y c h a n g e i n 
t h e t y p e a n d a m o u n t o f c l a y m i n e r a l s a n d a l a r g e i n c r e a s e 
i n t h e d o l o m i t e c o n t e n t ( T r u d e l l a n d o t h e r s , 1 9 7 0 ? H o s t e r -
m a n a n d D y n i , 1 9 7 2 j S m i t h a n d R o b b , 1 9 7 3 ) . 
T h e s u l f i d e s c o l l e c t e d f r o m t h e o f f s h o r e f a c i e s c a m e 
f r o m t h e G a r d e n G u l c h M e m b e r a t D o u g l a s P a s s . I t i s p r o ­
b a b l e t h a t a l l o f t h e G a r d e n G u l c h M e m b e r w a s d e p o s i t e d 
a b o v e t h e m o n i m o l i m n i o n ( F i g , 3 5 ) , b e c a u s e D o u g l a s P a s s 
w a s m a n y m i l e s f r o m t h e d e p o c e n t e r o f t h e P i c e a n c e C r e e k 
B a s i n , T h i s i s v e r i f i e d b y t h e l i t h o l o g y o f u n i t a x 
D o u g l a s P a s s , i n t h a t i t i s s i l t y , f i s s i l e a n d p o o r l y 
s t r a t i f i e d . 
I s o t o p i c c h a r a c t e r i z a t i o n a n d f r a c t i o n a t i o n . O n l y t h r e e 
s u l f i d e s a m p l e s w e r e c o l l e c t e d f r o m t h e o f f s h o r e f a c i e s i n 
t h e G a r d e n G u l c h M e m b e r a t D o u g l a s P a s s , O t h e r s a m p l e s 
f r o m t h e l o w e r G a r d e n G u l c h M e m b e r a r e c l o s e l y a s s o c i a t e d 
w i t h a l g a l c a r b o n a t e a n d a r e f r o m s h a l l o w - w a t e r e n v i r o n ­
m e n t s . T h e t h r e e s u l f i d e s r a n g e f r o m 2 0 t o 3 0 p e r m i l a n d 
h a v e a m e a n n e a r 3 0 p e r m i l ( F i g , 3 ^ ) , T h e 6-^ S d a t a a r e n o t 
s u f f i c i e n t t o s u g g e s t f r a c t i o n a t i o n m a g n i t u d e s b e t w e e n 
s u l f a t e a n d s u l f i d e , b u t i t i s p r o b a b l e t h a t t h e s u l f a t e -
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S^ ta fT iaJ i t l a c u s t r i n e f a c i e s 
L i t h o 1 o g i c c h a r a c t e r i z a t i o n , T h e s t a g n a n t b o t t o m 
w a t e r o f L a k e U i n t a w a s t h e d e p o s i t i o n a l s i t e f o r o i l 
s h a l e . O i l s h a l e i s n o t a c t u a l l y a s h a l e , b u t i s a n o r ­
g a n i c - r i c h c a r b o n a t e w i t h s i g n i f i c a n t a m o u n t s o f a u t h i -
g e n i e s i l i c a t e s . T h e l a m i n a t e d n a t u r e o f m o s t o i l s h a l e 
i s a c o n s p i c u o u s c h a r a c t e r i s t i c a n d p r o v i d e s a c r i t i c a l c l u 
t o t h e d e f i n i t i o n o f t h e d e p o s i t i o n a l e n v i r o n m e n t . A 
m o r e c o m p l e t e d e s c r i p t i o n o f o i l s h a l e i s g i v e n . in A p p e n d i x 
2 . 
G e o c h e m i c a l c h a r a c t e r i z a t i o n . T h e o r i g i n o f o i l s h a l e 
i s p o o r l y u n d e r s t o o d . N u m e r o u s w o r k e r s h a v e i n v e s t i g a t e d 
t h e p h y s i c a l , c h e m i c a l a n d b i o c h e m i c a l p r o p e r t i e s o f o i l 
s h a l e , b u t t h e c h a r a c t e r i z a t i o n o f t h e d e p o s i t i o n a l e n v i r o n 
m e n t i s n o t c o m p l e t e . T h e p u r p o s e o f t h i s s e c t i o n i s t o 
d e s c r i b e a d e p o s i t i o n a l e n v i r o n m e n t f o r o i l s h a l e i n t h e 
P i c e a n c e C r e e k B a s i n b y u s e o f e x i s t i n g d a t a . T h e c h a r a c t ­
e r i s a t i o n o f t h e d e p o s i t i o n a l e n v i r o n m e n t o f o i l s h a l e w i l l 
a l l o w t h e m o d e l i n g o f p o s s i b l e i s o t o p e f r a c t i o n a t i o n m e c h ­
a n i s m s f o r s u l f u r . 
T h e m i n e r a l o g y o f o i l s h a l e a n d l a m i n a t e d m a r l s t o n e 
p r o v i d e s m u c h i n f o r m a t i o n o n t h e d e p o s i t i o n a l e n v i r o n m e n t 
( E r o b s t a n d T u c k e r , 1 9 7 3 ) . 'The p r e s e n c e o f e x t r e m e l y 
f i n e - g r a i n e d ( m i c r i t i c ) , e u h e d r a l d o l o m i t e ( T i s o t a n d 
M u r p h y , i 9 6 0 ) s u g g e s t s t h a t s o m e o f t h e d o l o m i t e w a s a 
p r i m a r y p r e c i p i t a t e . T h i s w o u l d i n d i c a t e a h i g h M g / C a 
r a t i o i n t h e d e p o s i t i o n a l e n v i r o n m e n t . T h e l o w s t r u c t u r a l 
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s t a t e o f a l b i t e i n o i l s h a l e s u g g e s t s d i a g e n e t i c f o r m a ­
t i o n ( K a s t n e r , 1 9 7 1 ; B r o b s t a n d T u c k e r , 1 9 7 3 ) . T h e p r e s e n c e 
o f a n a l c i m e s u g g e s t s t h a t z e o l i t i c r e a c t i o n s w e r e common 
b e t w e e n t h e d e p o s i t i o n a l w a t e r s a n d t h e v o l c a n i c a n d c l a y 
m i n e r s I s ( S u r d a m a n d P a r k e r , 1 9 7 2 ) . T h e s e r e a c t i o n s o c c u r 
o n l y a t e l e v a t e d p H s , T h e p r e s e n c e o f s a l i n e m i n e r a l s 
s u c h a s n a h c o l i t e , h a l i t e a n d s h o r t i t e ( T r u d e l l a n d o t h e r s , 
1 9 7 0 ) s h o w s t h a t , a t t i m e s , t h e b r i n e s w e r e h i g h l y c o n ­
c e n t r a t e d . T h e a b s e n c e o f s u l f a t e m i n e r a l s i n d i c a t e s a n 
a n o x i c e n v i r o n m e n t . T h e s e o b s e r v a t i o n s s u g g e s t t h a t t h e 
d e p o s i t i o n a l e n v i r o n m e n t o f o i l s h a l e w a s a s o d i u m c a r b o ­
n a t e s o l u t i o n t h a t h a d a h i g h p H , h i g h M g / C a r a t i o , l o w 
E h , a n d l o w s u l f a t e c o n t e n t . T h e s o l u t i o n w a s p r o b a b l y 
c a r b o n a t e b u f f e r e d ( S m i t h a n d R o b b , 1 9 7 3 ) . 
T h e t e x t u r e a n d m o r p h o l o g y o f s u l f i d e m i n e r a l s i n o i l 
s h a l e a l s o p r o v i d e m u c h i n f o r m a t i o n . T h e m o s t common s u l ­
f i d e s h a p e s a r e b l a d e s , c o m p o s i t e b l a d e s a n d p a t c h e s . T h e 
l a r g e i * s u l f i d e p a t c h e s , b l e b s , l e n s e s a n d s t r e a k s i n o i l 
s h a l e a r e g e n e r a l l y c o m p o s e d o f a n i n t e r l o c k i n g f r a m e w o r k 
o f b l a d e s t r u c t u r e s ( F i g s . 2 0 b , 2 0 c , 2 0 d , 2 0 e ) . T h e d e l i ­
c a t e n a t u r e o f t h e b l a d e s t r u c t u r e s i n d i c a t e s t h a t t h e y 
f o r m e d a f t e r d e p o s i t i o n a n d a l s o p r o b a b l y a f t e r m u c h o f t h e 
s e d i m e n t h a d c o m p a c t e d . 
T h e b l a d e m o r p h o l o g y s t r o n g l y s u g g e s t s t h a t t h e 
o r i g i n a l s u l f i d e d e p o s i t e d w i t h o i l s n a l e w a s m a r c a s i t e . 
N u m e r o u s e x a m p l e s w e r e f o u n d d u r i n g e x a m i n a t i o n o f p o l i s h e d 
s u r f a c e s o f o i l s h a l e t h a t i n d i c a t e p y r i t e 
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r e c r y s t a l l i z e d d i r e c t l y f r o m m a r c a s i t e . T h e i n t e r i o r o f 
m a n y c o m p o u n d - b l a d e s t r u c t u r e s i s o p t i c a l l y a n i s o t r o p i c . 
M o s t X - r a y d i f f r a c t i o n a n a l y s e s o f s u l f i d e s o f b l a d e d 
m o r p h o l o g y i n d i c a t e p y r i t e i n e x c e s s o f m a r c a s i t e , P y r -
r h o t i t e a l s o m a y f o r m b l a d e d s t r u c t u r e s ( B r a d l e y a n d 
E u g s t e r , 1 9 6 9 ) , 
T h e p a r a g e n e s i s o f t h e s u l f i d e m i n e r a l s i s n o t c l e a r l y 
u n d e r s t o o d . I t i s e v i d e n t , h o w e v e r , t h a t s u l f i d e g e n e r a ­
t i o n o c c u r r e d f o r s o m e t i m e a f t e r s e d i m e n t d e p o s i t i o n . 
T h i s s u g g e s t s t h a t t h e g e o c h e m i c a i c o n d i t i o n s o f f o r m a t i o n 
f o r s o m e s u l f i d e s i n o i l s h a l e w a s u n l i k e t h e c o n d i t i o n s 
t h a t e x i s t e d d u r i n g s e d i m e n t d e p o s i t i o n . T h e p a r a g e n e t i c 
r e l a t i o n s h i p b e t w e e n p y r i t e , m a r c a s i t e a n d a n a l c i m e i n m i n ­
e r a l b l e b s i n o i l s h a l e ( F i g . 2 0 f ) s u p p o r t t h i s s u g g e s t i o n . 
I n t h e b l e b s , a l l t h r e e p h a s e s a p p e a r t o b e t e x t u r a l l y i n t e 
l o c k e d a n d s o m e t i m e s a n a l c i m e h a s a r i m o f s u l f i d e . 
A n a l c i m e f o r m s o n l y a t h i g h p H s ( S u r d a m a n d P a r k e r , 1 9 7 2 ) , 
w h e r e a s s u l f i d e s f o r m o n l y a t n e u t r a l o r a c i d i c p H s 
( G a r r e l s a n d C h r i s t , 1 9 6 5 ? B e r n e r , 1 9 7 1 ) . 
I r o n s u l f i d e s a r e n o t t h e o n l y i r o n c o m p o u n d s i n o i l 
s h a l e , O t h e r i m p o r t a n t i r o n m i n e r a l s i n c l u d e s i d e r i t e , 
a n k e r i t e a n d a m i n o r n u m b e r o f s i l i c a t e s ( P i c a r d a n d H i g h , 
1 9 7 2 a , t a b l e 4 ) . S i d e r i t e i s a v e r y u n c o m m o n m i n e r a l i n 
m a r i n e s e d i m e n t s , b u t o c c u r s f r e q u e n t l y i n o r g a n i c - r i c h 
n o n r a a r i n e s e d i m e n t s ( B e r n e r , 1 9 7 1 . p . 3 - 9 9 ) . S i d e r i t e c a n 
o n l y f o r m i n s y s t e m s w i t h a h i g h p H , h i g h ^ Q Q 2 ^md a h i g h 
p S ~ ( B e r n e r , 1 9 7 1 ) . T h u s , t h e p r e s e n c e o f s i d e r i t e i n o i l 
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s h a l e s u g g e s t s t h a t t h e d e p o s i t i o n a l e n v i r o n m e n t w a s 
a l k a l i n e , r e d u c i n g a n d l o w i n d i s s o l v e d s u l f i d e . 
T h e g e o c h e m i c a l g e n e r a l i z a t i o n s o f t h e s t a g n a n t 
l a c u s t r i n e e n v i r o n m e n t a r e s u m m a r i z e d i n F i g u r e 3 6 . I t 
d e p i c t s t h e s t a b i l i t y r e l a t i o n s h i p s o f t h e v a r i o u s i r o n 
m i n e r a l s i n o i l s h a l e i n a n E h - p H f r a m e w o r k ( G a r r e l s a n d 
C h r i s t , 1 9 6 5 , f i g . 7 . 2 1 ) . A l s o i n c l u d e d o n t h e f i g u r e 
( s h a d e d a r e a ) a r e t h e l i m i t i n g c o n d i t i o n s f o r t h e 
d e p o s i t i o n o f o i l s h a l e a s p r o p o s e d b y S m i t h a n d R o b b 
( 1 9 7 3 ) » a n d t h e E h - p H t o l e r a n c e s ( d a s h e d l i n e ) o f s u l f a t e -
r e d u e i n g b a c t e r i a ( B a a s B e c k i n g a n d o t h e r s , i 9 6 0 ) . 
I r o n - s u l f i d e g e n e r a t i o n . I n t h e c o n t e x t o f t h e g e o ­
c h e m i c a l m o d e l ( F i g . 3 6 ) , i t i s p o s s i b l e t o d i s c u s s t h e 
s u l f u r c y c l e i n t h e m o n i m o l i m n i o n o f L a k e U i n t a . S i n c e 
s u l f u r e x i s t s o n l y a s s u l f i d e s , t h e d i s c u s s i o n w i l l c e n t e r 
a r o u n d t h e g e n e r a t i o n o f t h e s e p h a s e s . T h r e e m a i n f a c t o r s 
e i t h e r p e r m i t o r l i m i t t h e f o r m a t i o n o f s u l f i d e s ( B e r n e r , 
1 9 7 1 , p . 2 0 3 ) s 1 ) t h e a v a i l a b i l i t y o f d i s s o l v e d s u l f a t e ; 
2 ) t h e a v a i l a b i l i t y o f o r g a n i c m a t t e r f o r m e t a b o l i s m b y 
s u l f a t e - r e d u c i n g b a c t e r i a ? a n d 3 ) " the c o n c e n t r a t i o n a n d 
r e a c t i v i t y o f i r o n c o m p o u n d s . I f i n o r g a n i c c o n v e r s i o n 
o f s u l f a t e t o s u l f i d e o c c u r s , t h e s e c o n d f a c t o r i s u n i m p o r ­
t a n t . F o r m u c h o f t h e f o l l o w i n g d i s c u s s i o n , i t w i l l b e 
a s s u m e d t h a t b a c t e r i a l r e d u c t i o n o f s u l f a t e w a s t h e d o m i n a n t 
p r o c e s s i n t h e s u l f u r c y c l e i n t h e m o n i m o l i m n i o n a n d s e d i m e n t 
o f L a k e U i n t a . T h i s h a s b e e n s u g g e s t e d b y o t h e r s ( B r a d l e y , 
1 9 3 1 . 1 9 7 0 ; H a r r i s o n a n d T h o d e , 1 9 5 8 a ; M a u g e r , 1 9 7 2 ; B r o b s t 
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a n d T u c k e r , 1 9 7 3 ; S m i t h a n d R o b b , 1 9 7 3 ? M a u g e r a n d o t h e r s , 
1 9 7 3 ) . 
T h e d e p o s i t i o n a l e n v i r o n m e n t o f e u x i n i c m a r i n e b a s i n s 
i s t h e b e s t m a r i n e a n a l o g t o t h e s t a g n a n t m o n i m o l i m n i o n o f 
L a k e U i n t a , I n e u x i n i c b a s i n s , s u l f a t e s u p p l y i s c o n t i n u o u s 
( R e e s , 1 9 7 3 ; S c h w a r c z a n d B u r n i e , 1 9 7 3 ) . T h e s u l f a t e e n t e r s 
t h e s e d i m e n t b y d i f f u s i o n f r o m t h e o v e r l y i n g w a t e r ( B e r n e r , 
1 9 6 4 , 1 9 6 9 ) . T h e s u l f i d e c o n t e n t o f m o s t m a r i n e s e d i m e n t s 
c l e a r l y i n d i c a t e s t h a t s u l f u r m u s t b e i n t r o d u c e d i n t o t h e 
s e d i m e n t ( V i n o g r a d o v a n d o t h e r s , 1 9 6 2 ; K a p l a n a n d o t h e r s , 
1 9 6 3 ; B e r n e r , 1 9 7 0 , 1 9 7 1 ) . A s i m i l a r n e t f l o w o f s u l f u r 
i n t o t h e m o n i m o l i m n i o n a n d s e d i m e n t m u s t h a v e b e e n p r e s e n t 
i n L a k e U i n t a . T h e d i f f u s i o n o f s u l f a t e f r o m t h e m i x o -
l i m n i o n t o t h e m o n i m o l i m n i o n w a s p r o b a b l y s l o w ( S t u i v e r , 
I 9 6 7 ) . T h e u b i q u i t o u s n a t u r e o f s u l f i d e s i n o i l s h a l e 
d e m a n d s , h o w e v e r , t h a t s u l f a t e b e c o n t i n u o u s l y a d d e d t o t h e 
m o n i m o l i m n i o n . I n d e e d , t h e i n t r o d u c t i o n o f s u l f a t e a n d i t s 
c o n v e r s i o n t o h y d r o g e n s u l f i d e m a y h a v e b e e n a f a c t o r i n 
t h e i n i t i a t i o n a n d m a i n t e n a n c e o f t h e c h e m i c a l s t r a t i f i c a ­
t i o n i n L a k e U i n t a . 
O r g a n i c a l l y b o u n d s u l f u r i n d e a d , b l u e - g r e e n a l g a e 
a n d o t h e r o r g a n i s m s c o n t r i b u t e d s o m e s u l f u r t o t h e m o n i ­
m o l i m n i o n , B r a d l e y ( 1 9 7 0 , t a b l e 4 ) r e p o r t s t h a t t h e s e d ­
i m e n t s o f l a k e s w i t h h i g h b l u e - g r e e n a l g a e p r o d u c t i v i t y 
h a v e s u l f u r c o n t e n t s o f a b o u t 0 , 7 6 w e i g h t p e r c e n t . S m i t h 
a n d o t h e r s ( 1 9 6 4 ) r e p o r t t h a t t h e t o t a l a m o u n t o f o r g a n ­
i c a l l y b o u n d s u l f u r i n M a h o g a n y - l e d g e o i l s h a l e i s a b o u t 
< 
-
 ke~  ), i    ), u  oth ,
) . 
The depositional environ ent of euxinic arine basins 
is the best marin~ analog to the stagna..'"1t oni oli nion of 
Lake inta. In cuxinic basins, s lfate supply is continuous 
( ees, ), ch arcz and r ie, 7). he s lfate enters 
t e se i e t by iff si  fro  t e overlyi g ater (Berner. 
1964, 1969). he sulfi e c te t f ost arine sedi ents 
clearly indicates that sul fur ust be introduced into the 
sedi e t ( inogradov and ot ers , 1962 ; aplan and others, 
196" erner , 1970, 1971).  si ilar et flo  of sulfur 
i t  t e oni oli nion and se i e t ust have been prese t 
i  ake i ta. he iff si  f s lf te fro  t e ixo -
li nion to the oni oli nion as probably s lo  (Stuiver , 
1 ) . e i it s t r  f lfi s i  il sh l  
de ands, ho ever, t at s lf te be co ti o sly added t  t e 
i li i . I e e , t  i t ucti  f lf te  its 
si  t  r e  s lfi   e ee   f t  in 
t  i iti ti   i te ce f t  c e ic l stratifica-
ti  i  e int . 
rga ic ll  bound s lf r i  dead, l e-gree  algae 
and ot er orga..'1is s co tri te  so e s lf r to t e oni-
li i . r l  ( , t l  ) r rt  t t t  sed-
i ts f l s it  i  l - r  lgae pro ti it  
e s lf  t ts f t . 6 ei t ce t. it  
a  t r  ( ) r rt t t t  t t l a unt f r -
i ll   s lf r i  a le ge il s l  i  t 
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0 . 2 5 w e i g h t p e r c e n t . I f i t i s a s s u m e d - c h a t t h e a l g a e 
d e p o s i t e d i n L a k e U i n t a s e d i m e n t s h a d s u l f u r c o n t e n t s s i m i l a r 
t o t h a t o f m o d e r n l a k e s , t h e n t h e r e a p p e a r s t o h a v e b e e n 
a l o s s o f o r g a n i c a l l y b o u n d s u l f u r d u r i n g d e c a y a n d d i a -
g e n e s i s o f t h e o r g a n i c m a t t e r . T h i s l o s s o f a b o u t 0 . 5 
w e i g h t p e r c e n t i s c l e a r l y n o t e n o u g h t o a c c o u n t f o r t h e 
p y r i t e i n o i l s h a l e w h i c h m a y r a n g e f r o m 5 . 5 t o 2 . 0 w e i g h t 
p e r c e n t o f t h e r o c k . 
S u l f a t e - r e d u c i n g b a c t e r i a a r e h e t e r o t r o p h i c a n d t h u s 
r e q u i r e o r g a n i c m a t e r i a l t o s u s t a i n l i f e . O b v i o u s l y , t h e 
n a t u r e o f o i l s h a l e i n d i c a t e s t h a t t h e s e d i m e n t s o f L a k e 
U i n t a w e r e v e r y o r g a n i c r i c h . H o w e v e r , i t i s p o s s i b l e t h a t 
o n l y a s m a l l p a r t o f t h e t o t a l o r g a n i c m a t t e r w a s a v a i l a b l e 
t o t h e s u l f a t e r e d u c e r s . B r a d l e y ( 1 9 7 0 ) r e p o r t s t h a t i n 
m o d e r n l a k e s w i t h p r o l i f i c b l u e - g r e e n a l g a l g r o w t h t h e r e 
i s a b a c t e r i a l i n h i b i t o r w h i c h i s r e l e a s e d b y t h e a l g a e u p o n 
d e a t h a n d p r o h i b i t s o r g r e a t l y l i m i t s b a c t e r i a l d e c a y , e v e n 
i n r e d u c i n g e n v i r o n m e n t s . T h e b l a d e d m o r p h o l o g y o f i r o n 
s u l f i d e s i n o i l s h a l e s u g g e s t s t h a t s o m e o f t h e s u l f i d e s 
f o r m e d a f t e r d e p o s i t i o n . T h i s s u g g e s t s t h a t h y d r o g e n s u l ­
f i d e g e n e r a t i o n a l s o o c c u r r e d a f t e r d e p o s i t i o n , p o s s i b l y 
w h e n t h e b a c t e r i a l i n h i b i t o r h a d l o s t i t s e f f e c t i v e n e s s , 
I t i s n o t c l e a r i f t h e o r g a n i c - m a t t e r s u p p l y w a s a 
l i m i t i n g f a c t o r i n s u l f i d e p r o d u c t i o n , I t i s o b v i o u s t h a t 
o n l y a s m a l l p a r t o f t h e o r g a n i c m a t t e r w a s u s e d u p d u r i n g 
d i a g e n e s i s a n d l i t h i f i c a t i o n o f t h e s e d i m e n t , W h e t h e r t h e 
o r g a n i c m a t t e r i s p r e s e r v e d b e c a u s e o f t h e l a c k o f s u l f a t e 
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o r b e c a u s e o f t h e p r e s e n c e o f a b a c t e r i a l i n h i b i t o r i s n o t 
c l e a r . I t s e e m s p r o b a b l e t h a t b o t h f a c t o r s w e r e i m p o r t a n t , 
I r o n m u s t b e p r e s e n t t o r e a c t w i t h h y d r o g e n s u l f i d e 
i f i r o n s u l f i d e s a r e t o f o r m . I f i r o n i s i n l i m i t e d s u p p l y , 
i t c a n c o n t r o l t h e p r o d u c t i o n o f s e d i m e n t a r y s u l f i d e s . 
I r o n c o m p o u n d s h a v e a w i d e s p e c t r u m o f r e a c t i v i t i e s t o w a r d 
h y d r o g e n s u l f i d e . S m i t h a n d R o b b ( 1 9 7 3 ) s u g g e s t t h a t t h e 
s o u r c e o f i r o n , m a g n e s i u m a n d o t h e r c a t i o n s t o t h e m o n i ­
m o l i m n i o n w a s t h e h y d r o l y s i s o f d u s t p a r t i c l e s a n d v o l c a n i c 
a s h t h a t s a n k f r o m t h e w a t e r s a b o v e . A s m e n t i o n e d p r e ­
v i o u s l y , i r o n n o t o n l y o c c u r s i n s u l f i d e s , b u t i n c a r b o n a t e 
a n d s i l i c a . t e m i n e r a l s a s w e l l ( e . g . , a n k e r i t e a n d s i d e r i t e ) . 
T h e p r e s e n c e o f t h e s e m i n e r a l s i n s u l f i d e - b e a r i n g o i l s h a l e 
s u g g e s t s t h a t i r o n w a s i n e x c e s s o f t h e a m o u n t s n e e d e d t o 
f o r m i r o n s u l f i d e s . T h e r e f o r e , i r o n w a s n o t a l i m i t i n g 
f a c t o r i n t h e p r o d u c t i o n o f i r o n s u l f i d e i n L a k e U i n t a . 
I s o t o p e f r a c t i o n a t i o n . T h e e n v i r o n m e n t o f o i l s h a l e 
d e p o s i t i o n w a s t h e t e r m i n a l s t e p f o r t h e s u l f u r s y s t e m o f 
L a k e U i n t a , T h e c o m p l e t e a b s e n c e o f s y n d e p o s i t i o n a l s u l ­
f a t e c o m p o u n d s i n t h e P a r a c h u t e C r e e k M e m b e r i n d i c a t e s t h a t 
a l l s u l f a t e e n t e r i n g t h i s e n v i r o n m e n t w a s c o n v e r t e d t o 
o t h e r s u l f u r c o m p o u n d s , m o s t l y p y r i t e , p y r r h o t i t e a n d 
m a r c a s i t e . W i t h o u t s u l f a t e , t h e i s o t o p i c f r a c t i o n a t i o n s 
t h a t o c c u r r e d i n t h e m o n i m o l i m n i o n a n d s t a g n a n t b o t t o m 
s e d i m e n t s c a n n o t b e d e t e r m i n e d . I t i s p r o b a b l e t h a t t h e 
i s o t o p i c c o m p o s i t i o n o f t h e s u l f i d e s i n o i l s h a l e i s a b o u t 
t h e s a m e a s t h e o r i g i n a l s u l f a t e i n t h e w a t e r , a n d s i n c e t h e 
7 
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s u l f a t e w a s p r o b a b l y c o n v e r t e d e n t i r e l y t o r e d u c e d f o r m s , 
t h e r e c o u l d b e l i t t l e n e t f r a c t i o n a t i o n . I t i s p o s s i b l e 
t h a t s o m e h y d r o g e n s u l f i d e f o r m e d f r o m t h e s u l f a t e e s c a p e d 
b y g a s b u b b l i n g i n t o t h e m i x o l i m n i o n o r t o t h e s u r f a c e . 
A l s o , s o m e o f t h e s u l f a t e w a s p o s s i b l y c o n v e r t e d t o o r g a n ­
i c a l l y b o u n d s u l f u r . I t i s c l e a r , h o w e v e r , t h a t t h e s t a b l e 
s u l f u r p h a s e i n t h e s t a g n a n t m o n i m o l i m n i o n w a s s u l f i d e 
( S m i t h a n d o t h e r s , 1 9 6 4 ; S m i t h a n d R o b b , 1 9 7 3 ) . 
A n y f r a c t i o n a t i o n o f s u l f u r i s o t o p e s i n t h e m o n i m o ­
l i m n i o n a n d s e d i m e n t o f L a k e U i n t a o c c u r r e d w h e n t h e s u l ­
f a t e w a s r e d u c e d t o h y d r o g e n s u l f i d e . I f t h e r e d u c t i o n w a s 
b i o l o g i c , t h e h y d r o g e n s u l f i d e c o u l d h a v e b e e n d e p l e t e d i n 
J
 S b y u p t o 5 0 p e r m i l ( R e e s , 1 9 7 3 ) » a s o c c u r s i n t h e B l a c k 
S e a ( V i n o g r a d o v a n d o t h e r s , 1 9 6 2 ) a n d i n G r e e n L a k e ( D e e v e y 
a n d o t h e r s , 1 9 6 3 ) . I f t h e s u l f a t e r e d u c t i o n v / a s i n o r g a n i c , 
a s s u g g e s t e d b y S m i t h a n d R o b b ( 1 9 7 3 ) • t h e r e a l s o w o u l d h a v e 
b e e n f r a c t i o n a t i o n , t h e h y d r o g e n s u l f i d e b e i n g d e p l e t e d i n 
J
 S u p t o 2 2 p e r m i l c o m p a r e d t o t h e s u l f a t e ( H a r r i s o n a n d 
T h o d e , 1 9 5 7 ) . W h i c h e v e r t h e c a s e , s i n c e t h e r e d u c t i o n 
p r o c e s s w e n t t o c o m p l e t i o n , t h e r e v / a s l i t t l e f r a c t i o n a t i o n . 
I t i s n o t e n t i r e l y c l e a r w h i c h m e c h a n i s m c o n v e r t e d 
t h e s u l f a t e t o s u l f i d e . T h e o r g a n i c - r i c h c h a r a c t e r o f o i l 
s h a l e i m p l i e s t h a t b a c t e r i a s h o u l d h a v e b e e n p l e n t i f u l 
d u r i n g d e p o s i t i o n . T h e p o s s i b i l i t y o f a b a c t e r i a l i n h i b i ­
t o r ( B r a d l e y , 1 9 7 0 ) s u g g e s t s , h o v / e v e r , t h a t b a c t e r i a a n d 
o t h e r h e t e r o t r o p h i c m i c r o o r g a n i s m s w e r e n o t a c t i v e . A l s o , 
t h e m o r p h o l o g y o f m o s t s u l f i d e s i n o i l s h a l e i m p l i e s t h a t 
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s u l f i d e f o r m a t i o n w a s n o t a s y n d e p o s i t i o n a l p r o c e s s , b u t 
o c c u r r e d s o m e t i m e a f t e r d e p o s i t i o n . T h i s d o e s n o t 
p r o h i b i t t h e a c t i v i t y o f b a c t e r i a , h o w e v e r . 
I t i s t h e o p i n i o n o f t h e a u t h o r t h a t s u l f a t e - r e d u c i n g 
b a c t e r i a w e r e r e s p o n s i b l e f o r m o s t o f t h e s u l f a t e - s u l f i d e 
c o n v e r s i o n d u r i n g o i l s h a l e d e p o s i t i o n . T h e p r o c e s s o c c u r ­
r e d a t t h e t i m e o f d e p o s i t i o n a n d a l s o d u r i n g d i a g e n e s i s o f 
t h e s e d i m e n t . T h e m a g n i t u d e o f t h e s u l f a t e - s u l f i d e 
f r a c t i o n a t i o n w a s p r o b a b l y n o t a s g r e a t a s i n m o d e r n e u x i n i c 
b a s i n s ( < 0 p e r m i l ) , b u t w a s p r o b a b l y c l o s e r t o 1 0 p e r m i l 
o r l e s s . T h i s r e a s o n i n g i s b a s e d o n t h e m i n e r a l o g y o f 
t h e s u l f i d e s a n d t h e l a c k o f s y n d e p o s i t i o n a l s u l f a t e i n 
o i l s h a l e , b o t h o f w h i c h s u g g e s t t h a t s u l f u r w a s n o t p l e n t i ­
f u l i n t h e e n v i r o n m e n t o f d e p o s i t i o n . W h e n t h e s u l f a t e 
c o n t e n t i s l o w , t h e 5 0 p e r m i l f r a c t i o n a t i o n b e t w e e n s u l f a t e 
a n d s u l f i d e i s n o t p o s s i b l e a n d t h e f r a c t i o n a t i o n i s u s u a l l y 
b e t w e e n - 3 a n d 2 5 p e r m i l ( S c h w a r c s a n d B u r n i e , 1 9 7 3 ) . I f 
t h e s u l f a t e c o n t e n t w a s v e r y l o w , t h e f r a c t i o n a t i o n w a s 
p r o b a b l y l e s s t h a n 5 p e r m i l ( H a r r i s o n a n d T h o d e , 1 9 5 8 " b ; 
R e e s , 1 9 7 3 ; T r u d i n g e r a n d C h a m b e r s , 1 9 7 3 ) . 
T h e i s o t o p i c c o m p o s i t i o n o f s u l f u r i n t h e m o n i m o l i m ­
n i o n w a s n o t t h e s a m e o v e r a l l p a r t s o f t h e P i c e a n c e C r e e k 
B a s i n . F i g u r e s 1 8 a n d 3 2 s h o w t h a t t h e s u l f i d e s f r o m t h e 
s t r a t i g r a p h i c u n i t s i n t h e P a r a c h u t e C r e e k M e m b e r d o n o t 
h a v e t h e s a m e m e a n 6 ^ S v a l u e s . F i g u r e 1 8 , f o r e x a m p l e , 
s h o w s t h a t t h e s u l f i d e s m o s t e n r i c h e d i n - S a r e f r o m t h e 
R i o B l a n c o s e c t i o n , s u l f i d e s f r o m M o u n t L o g a n a r e l e s s 
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e n r i c h e d m r S , a n d s u l f i d e s f r o m D o u g l a s P a s s a r e l e a s t 
e n r i c h e d . T h e s a m p l i n g s i t e s r e p r e s e n t l o c a t i o n s w h e r e 
t h e P a r a c h u t e C r e e k M e m b e r v / a s d e p o s i t e d i n d i f f e r e n t d e p t h 
o f w a t e r a n d d i f f e r i n g d i s t a n c e s f r o m t h e P i c e a n c e C r e e k 
B a s i n d e p o c e n t e r . D u r i n g P a r a c h u t e C r e e k t i m e , t h e d e p o -
c e n t e r v / a s a b o u t 2 0 km n o r t h w e s t o f R i o B l a n c o ( F i g . 1 ) . 
T h e r e f o r e , e n r i c h m e n t o f J S i n s u l f i d e s o f t h e P a r a c h u t e 
C r e e k M e m b e r c o r r e l a t e s w i t h t h e d i s t a n c e f r o m t h e d e p o -
3 4 
c e n t e r . T h e s a m p l e s b e c o m e e n r i c h e d i n J S a s t h i s d i s t a n c 
d e c r e a s e s , a s i n d i c a t e d b y F i g u r e 3 5 . O n e i s i m p r e s s e d 
w i t h t h e o b s e r v a t i o n , h o w e v e r , t h a t t h i s c h a n g e i s v e r y 
s l i g h t , i n d i c a t i n g t h a t t h e g e o c h e m i c a l d i s t r i b u t i o n a n d 
e q u i l i b r a t i o n o f s u l f u r i s o t o p e s o v e r l a r g e a r e a s w a s 
c o m p l e t e . 
S u l f u r - I s o t o p e E v o l u t i o n i n L a k e U i n t a 
C h a p t e r 3 d e m o n s t r a t e s t h a t t h e s u l f u r s y s t e m o f 
3 4 
L a k e U i n t a w a s d y n a m i c a n d t h a t J S c o m p o s i t i o n o f s u l f a t e 
c h a n g e d f r o m o n e p a r t o f t h e d r a i n a g e b a s i n t o a n o t h e r 
3 2 
b e c a u s e o f l o s s o f ~ S b y e s c a p e o f h y d r o g e n s u l f i d e o r 
p r e c i p i t a t i o n o f s u l f i d e s a s t h e s u l f a t e m o v e d t o w a r d t h e 
c e n t e r o f t h e b a s i n . T h e q u e s t i o n i s , d o e s t h e m o d e l ( F i g . 
3 4 
3 5 ) e x p l a i n h o w t h e 6 ^ S v a l u e s c h a n g e d w i t h t i m e d u r i n g 
d e p o s i t i o n o f t h e P a r a c h u t e C r e e k M e m b e r ( F i g s , 3 3 i 3 4 ) ? 
I f t h e m o d e l d e p i c t e d i n F i g u r e 3 5 i s t o b e v i a b l e , i t 
m u s t a n s w e r t h i s q u e s t i o n . 
L a k e U i n t a w e n t t h r o u g h m a n y s h o r t - t e r m c h a n g e s i n 
w a t e r l e v e l d u r i n g i t s h i s t o r y , • T h e o v e r a l l t r e n d v / a s o n e 
 
enriched in 3 5 , and sulfides from Douglas Pass are l east 
enriched. The sampling s ites r epr esent locations whe r e 
the Parachute r.reek Member was deposited in different depths 
of ~ater and differing distances from the Piceance Creek 
Basin depocenter. During Parachute Creek time,the depo -
center was about 20 kIn northwest of Rio Blanco (Fig. 1) . 
Therefore , enrichment of J4s in sulfides of the Parachute 
Creek Member correlates with the distance from the depo-
center. The samples become enriched in )48 as this distance 
d creases, as indicated by Figure 35. One is impressed 
with th  observation, however, t hat this change is very 
slight, indicating that the geoc emical distribution and 
equilibration of sulfur isotopes over large areas was 
complete . 
lf r- Isotoue vo l tion i  ake inta 
t r  onstrat s t  r   
Lake Uinta was dynamic and that 3 S composition of sulfate 
   rt f  age -   an t
because of l oss of 3 5 by escape of hydro gen sulfide or 
precipitation of sulfides as the sulfate moved toward the 
center of the basin. The question is, does the model (Fig. 
35) explain how the 6345 values changed with time during 
deposition of the Parachute Creek Member (r"'igs , 33 , 34)? 
If the model depicted in Figu  35 i s to be viable , it 
must answer this question . 
Lake Uinta went through many short-term change s in 
water l eve l during its history . . The overall t re d was one 
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o f g r a d u a l e x p a n s i o n , r e a c h i n g a m a x i m u m s i z e d u r i n g d e p o ­
s i t i o n o f t h e M a h o g a n y i n t e r v a l , a g r a d u a l s h r i n k a g e a n d 
t h e n , o b l i t e r a t i o n . T h e p e r i o d o f o i l s h a l e , d e p o s i t i o n o c ­
c u r r e d w h e n L a k e U i n t a h a d n o o u t l e t ( D o n n e l l , 1 9 6 l a , p . 
8 6 2 ) . A s t h e l a k e s l o w l y e x p a n d e d , t h e s u l f i d e s p r e c i p i t a t ­
e d a t a n y o n e l o c a t i o n b e c a m e p r o g r e s s i v e l y e n r i c h e d i n 
- ^ S . T h i s i m p l i e s t h a t t h e e n r i c h m e n t o f i s a r e f l e c t i o n 
o f t h e d e p t h o f t h e w a t e r . A s p o i n t e d o u t p r e v i o u s l y , t h e 
R i o B l a n c o s u l f i d e s , w h i c h a r e c l o s e s t t o t h e d e p o c e n t e r 
o f t h e P i c e a n c e C r e e k B a s i n , h a v e t h e m o s t e n r i c h m e n t i n 
rth, 
J
 S . T h e r e f o r e , t h e p r o b a b l e a n s w e r t o t h e q u e s t i o n p r e ­
s e n t e d p r e v i o u s l y i s o n e o f d e p t h o f w a t e r a n d d i s t a n c e 
f r o m s h o r e . 
T h i s e x p l a n a t i o n i m p l i e s t h a t t h e o i l s h a l e i m m e d i a t e -
3 4 
l y a b o v e t h e M a h o g a n y i n t e r v a l , w h i c h i s d e p l e t e d i n J S 
c o m p a r e d t o t h e r e s t o f t h e P a r a c h u t e C r e e k M e m b e r i n t h e 
P i c e a n c e C r e e k B a s i n ( F i g . 3 2 ) , w a s d e p o s i t e d i n s h a l l o w e r 
w a t e r t h a n t h e M a h o g a n y i n t e r v a l . T h i s i s s u p p o r t e d b y t h e 
l i t h o s t r a t i g r a p h i c r e l a t i o n s h i p s o f t h e P a r a c h u t e C r e e k 
M e m b e r , T h e o i l s h a l e s i n t h e i n t e r v a l i m m e d i a t e l y a b o v e 
t h e M a h o g a n y i n t e r v a l a r e l e s s e x t e n s i v e , s u g g e s t i n g t h a t 
t h e l a k e w a s s m a l l e r a n d s h a l l o w e r , 
A p r o b l e m t h a t r e m a i n s , h o w e v e r , i s t h e e x p l a n a t i o n 
3 4 
o f t h e g r a d u a l e n r i c h m e n t o f J S i n s u l f i d e s i n t h e u p p e r ­
m o s t p a r t o f t h e P a r a c h u t e C r e e k M e m b e r . T h e l i t h o s t r a t i ­
g r a p h i c r e l a t i o n s h i p s o f t h i s z o n e o f o i l s h a l e s s u g g e s t 
t h a t t h e l a k e v / a s g r a d u a l l y c o n t r a c t i n g , b e c o m i n g s a l i n e a n d 
 
 l ,      -
  on   r.1ah  l,  an
, l .     le Cpo6iti  -
   i t    tl t onnel  1 , .
   l  ,   precipitat-
  o    i l   in
34s .  li  t  t  34S   refl tion
     t    t l , th
 l  ,   t   depocenter
    ,   t t in
J4s • 'l'herefore, the probable answer to the question pre-
sented previously i s one of depth of water and distance 
from shore. 
This explanation implies that the oil shal e immediate-
ly above the Mahogany interval, which is depleted in 4,s 
compared o the rest of he Parac ute Creek Member in the 
Piceance Creek Bas in (Fig . :32). was deposited in shallow r 
water than the M hogany interval. This i ,s supported by the 
lithos r tigr aphic relationships of the Parachute Creek 
Member. The oil shal s in the interval immediately above 
the Mahogany intC:,L'val are l ess ext nsive. suggesting that
 lake was smaller and shallower. 
A problem that remains, h ver. is the explanation 
of the g adual enrichmer.t of 34S in sulfides in the upper-
most part of the Parachute Creek Member. The li thostrati-
graphic r elationships of this zone of oil shales suggest 
that the l ake \'las gradually contracting , becoming saline and 
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s h a l l o w . Why t h e n , i f t h e l a k e w a s b e c o m i n g s h a l l o w e r , w a s 
3 4 . 
t h e r e a n e n r i c h m e n t o f ^ S i n t h e s y s t e m ? T h i s p h e n o m e n o n 
s e e m s t o n e g a t e t h e m o d e l g i v e n i n F i g u r e 3 5 . 
An a n s w e r t o t h e q u e s t i o n i s t h a t t h e d e p o s i t i o n 
o f t h e u p p e r m o s t P a r a c h u t e C r e e k M e m b e r w a s n o t i n a p e r ­
m a n e n t l y s t r a t i f i e d l a k e . T h e s u i t e o f s e d i m e n t a r y s t r u c ­
t u r e s o f t h e u p p e r 3 0 t o 4 0 m o f t h e P a r a c h u t e C r e e k M e m b e r 
i n t h e P i c e a n c e C r e e k B a s i n i s v e r y d i f f e r e n t f r o m t h e b u l k 
o f t h e m e m b e r . A s s h o w n i n F i g u r e 1 4 , t h i s z o n e i s c h a r a c ­
t e r i z e d b y d i s c o n t i n u o u s s t r a t i f i c a t i o n t y p e s a n d c r y s t a l -
g r o w t h d i s r u p t i o n b y s a l i n e - m i n e r a l c o n c r e t i o n s , T h e o i l 
s h a l e i s g e n e r a l l y l e a n e r a n d h a s l e n s e s o f o i l - s h a l e b r e c ­
c i a . T h e r o c k s h a v e t h e c h a r a c t e r i s t i c s o f o i l s h a l e 
d e p o s i t e d i n a p e r i o d i c a l l y e x p o s e d , ' d e s e r t * e n v i r o n m e n t 
( B r a d l e y , 1 9 7 3 ) . T h e d e v e l o p m e n t o f t h i s s i t u a t i o n w a s 
g r a d u a l a n d i t i s d i f f i c u l t t o t e l l w h e n m e r o m i c t i c d e p o s i ­
t i o n c e a s e d . I n t h e M o u n t L o g a n s e c t i o n , t h e b r e a k p r o b a b l y 
c a m e n e a r t h e l o w e r b o u n d a r y o f t h e l a r g e c a v i t y z o n e ( F i g . 
4 0 ) . A b o v e t h i s b o u n d a r y s a l i n e - m i n e r a l d e p o s i t s a r e c o m ­
m o n ( n a h c o l i t e m o s t l y ) a n d t h e s u l f i d e s e x h i b i t t h e g r a d u a l 
3 4 
i n c r e a s e i n J S . 
. 3 4 . 
T h e i n c r e a s e i n J S w i t h i n c r e a s e i n t h e s a l i n i t y o f 
L a k e U i n t a i s p r o b a b l y b e c a u s e o f a n e t l o s s o f s u l f u r f r o m 
t h e s y s t e m . S i n c e t h e l a k e w a s g r a d u a l l y c o n t r a c t i n g a n d w a s 
s h a l l o w , e v a p o r a t i o n m u s t h a v e e x c e e d e d i n f l o w . W i t h 
e v a p o r a t i o n , t h e r e w a s a l s o l o s s o f h y d r o g e n s u l f i d e T h e 
h y d r o g e n s u l f i d e w a s p r o d u c e d b y b a c t e r i a l r e d u c t i o n o r b y 
 
.      i  r, 
there an enrichment of 34-s in the system 'l This phenomenon 
seems to negate the model given in Figure 35 . 
An answer to the question is that the deposition 
of the upp ermost Parachute Creek Member was not in a p<!r-
manently stratified l ake , The suite of sedimentary struc-
tures of the upper 30 to 40 m of the Parachute Creek ~~ember 
in the Piceance Creek Basin i s very different from the bulk 
of the member. As shown in Fi gure 14, "this zone is charac-
terized by discontinuous stratification types and crystal-
growth disruption by saline- mineral concretions . The oil 
shale is generally leaner and has l enses of oil - shale brec-
cia. The rocks have the characteristics of oil shale 
deposited in a periodically exposed , ' desert ' environment 
(Bradley . 1973). The development of this situation was 
gradual and it is difficult to tell when meromictic deposi-
tion ceased. In the Mount Logan section , the break probably 
came near the lower boundary of the large cavity zone (Fig . 
40). Above this boundary saline-mineral deposits are com-
mon (nahcolite mostly) and the sulfides exhibit the gradual 
increase in 34s • 
The increase in 34S with increase in the salinity of 
Lake Uinta is probably because of a net loss of sul fur from 
the system. Since the lake was gradually contracting and was 
shallow, evapo-:-ation must have exceeded inflow. With 
evapo!'atio!1 , there was: also loss of hydrogen sulfide. The 
hydrogen sulfide was produc ed by bacterlal reduction or by 
3& 
i n o r g a n i c r e d u c t i o n , a n d w a s , t h e r e f o r e , d e p l e t e d m J S , 
T h e l o s s o f J S g r a d u a l l y e n r i c h e d t h e r e s i d u a l s u l f a t e i n 
3 4 
t h e s y s t e m i n J S , A l l o f t h e s u l f a t e w a s c o m p l e t e l y 
u s e d u p a s i t w a s d u r i n g m e r o m i x i s . A n o t h e r c o n t r i b u t i o n 
3 4 
t o t h e e n r i c h m e n t o f ^ S i n t h e r e s i d u a l l a k e w a t e r s w a s 
t h e i n c r e a s e i n s i z e o f t h e f l u v i a l - m u d f l a t f r i n g e a s 
t h e l a k e c o n t r a c t e d . S i n c e i n f l o w i n g s u l f a t e h a d t o c r o s s 
t h i s a r e a , t h e r e w a s a l o n g e r d i s t a n c e o f t r a n s p o r t a n d a 
3 2 
g r e a t e r c h a n c e f o r l o s s o f ^ ~ S . T h e r e f o r e , t h e s u l f a t e 
e n t e r i n g t h e r e s i d u a l l a c u s t r i n e e n v i r o n m e n t v / a s e n r i c h e d 
3 4 
i n S t o a g r e a t e r e x t e n t t h a n w h e n t h e l a k e w a s l a r g e r . 
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inorganic r eduction . and was , therefore , depleted in 34s . 
   )2  all  ri ed  i al lf te i  
t he system in )4s . All of the sulfate was completely 
     i  i i .  contribution
to the enrichment of 3 S in the residual lake waters was 
the increase in size of the fluvial-mudflat fringe as 
t he l ake contracted . Since infl owing sulfate had to cross 
thi s area , there was a longer distance of transport and a 
greater chance for loss of 32S , Therefore , the sulfate 
ent ering the residual l acustrine environment was enriched 
in 4S to a greater extent than when the lake was l arger , 
APPENDIX 1 
SAMPLE LOCATIONS 
S e v e n a r e a s i n t h e P i c e a n c e C r e e k a n d U i n t a B a s i n s 
w e r e c h o s e n f o r t h e c o l l e c t i o n o f s a m p l e s ( F i g . 1 ) . 
P i c e a n c e C r e e k B a s i n s a m p l e s c a m e f r o m i 1 ) t h e D o u g l a s 
C r e e k , G a r d e n G u l c h a n d P a r a c h u t e C r e e k M e m b e r s o f t h e 
G r e e n R i v e r F o r m a t i o n , t h e W a s a t c h F o r m a t i o n , a n d t h e u p p e r 
M e s a v e r d e F o r m a t i o n a t D o u g l a s P a s s ; 2 ) t h e P a r a c h u t e C r e e k 
M e m b e r a t M o u n t L o g a n ; 3 ) t h e P a r a c h u t e C r e e k M e m b e r o f t h e 
G r e e n R i v e r F o r m a t i o n a n d t h e U i n t a F o r m a t i o n i n t h e R i o 
B l a n c o a r e a ; 4 ) t h e P a r a c h u t e C r e e k M e m b e r a t u p p e r 
P a r a c h u t e C r e e k ; a n d 5 ) t h e s h o r e f a c i e s o f t h e G r e e n R i v e r 
F o r m a t i o n o n t h e s o u t h f l a n k o f G r a n d M e s a . U i n t a B a s i n 
s a m p l e s c a m e f r o m s 6 ) t h e P a r a c h u t e C r e e k M e m b e r i n t h e 
WOSCO d r i l l c o r e ; a n d 7 ) t h e P a r a c h u t e C r e e k M e m b e r i n t h e 
I n d i a n C a n y o n a r e a . 
N e a r l y 4 0 0 s a m p l e s w e r e c o l l e c t e d i n t h e f i e l d . 
D e t a i l e d d e s c r i p t i o n s o f t h e s a m p l e s u s e d i n i s o t o p e a n d 
X - r a y - d i f f r a c t i o n a n a l y s e s a r e p r o v i d e d i n A p p e n d i x 2 . 
P i c e a n c e C r e e k B a s i n 
T h e m a j o r i t y o f t h e s a m p l e s a r e f r o m m e a s u r e d s e c t i o n s 
i n t h e P i c e a n c e C r e e k B a s i n , A l l m e a s u r e d s e c t i o n s w e r e 
m e a s u r e d w i t h a 1 . 5 m e t e r J a c o b ' s S t a f f , 
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D o u g l a s P a s s 
D o u g l a s P a s s ( F i g . 1 ) i s l o c a t e d o n t h e h i n g e z o n e 
b e t w e e n t h e U i n t a a n d P i c e a n c e C r e e k B a s i n s , a p p r o x i m a t e l y 
5 0 km n o r t h o f L o m a , C o l o r a d o , A d e t a i l e d m e a s u r e d s e c t i o n 
o f t h e u p p e r o n e - h a l f o f t h e D o u g l a s C r e e k M e m b e r , a l l o f 
t h e G a r d e n G u l c h M e m b e r , a n d a l l o f t h e P a r a c h u t e C r e e k 
M e m b e r o f t h e G r e e n R i v e r F o r m a t i o n w a s d o n e i n 
A u g u s t a n d S e p t e m b e r , 1 9 7 2 . R o a d c o n s t r u c t i o n i n t h e a r e a 
a t t h i s t i m e p r o h i b i t e d t h e m e a s u r i n g o f t h e l o w e r D o u g l a s 
C r e e k M e m b e r . I n M a r c h a n d A p r i l , 1 9 7 ^ , g r a b s a m p l e s w e r e 
c o l l e c t e d f r o m t h i s l a t t e r i n t e r v a l a n d a l s o f r o m t h e u p p e r 
M e s a v e r d e F o r m a t i o n a n d W a s a t c h F o r m a t i o n . 
T h e m e a s u r e d s e c t i o n i s i n t w o p a r t s 1 t h e b a s a l p a r t 
w h i c h c o v e r s t h e D o u g l a s C r e e k a n d G a r d e n G u l c h M e m b e r s 
( F i g . 3 8 ) . a n d a s e p a r a t e , u p p e r p a r t t h r o u g h t h e P a r a c h u t e 
C r e e k M e m b e r ( F i g . 3 7 ) . 
T h e m e a s u r e d s e c t i o n o f t h e P a r a c h u t e C r e e k M e m b e r i s 
l o c a t e d a b o u t 5 km n o r t h e a s t o f t h e s u m m i t o f D o u g l a s P a s s 
i n t h e HE J s e c , 7 , T . 5 S . f R . 1 0 1 W. T h e s e c t i o n ( F i g . 3 7 ) 
i s 8 0 m i n t h i c k n e s s a n d c o n s i s t s o f o i l s h a l e , m a r l s t o n e 
a n d a l t e r e d v o l c a n i c t u f f . P l a n t f o s s i l s i n l e a n o i l s h a l e 
a n d m a r l s t o n e a r e c o m m o n . D e s b o r o u g h a n d o t h e r s ( 1 9 7 3 ) h a v e 
a l s o p r o v i d e d a b r i e f d e s c r i p t i o n o f t h e P a r a c h u t e C r e e k 
M e m b e r a t D o u g l a s P a s s . 
T h e u p p e r o n e - h a l f o f t h e D o u g l a s C r e e k M e m b e r a n d a l l 
o f t h e G a r d e n G u l c h M e m b e r w a s m e a s u r e d a n d s a m p l e d n e a r t h e 
s u m m i t o f D o u g l a s P a s s ( F i g . 3 8 ) . T h e s e c t i o n f o l l o w s a 
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DPR 102 (4,C) 
L STRATIFICATION TYPE-
STRATIFICATION TYPES 
( I) EVEN PARALLEL 
'OljDISCONTlNUOUS 
" ' |_EVEN PARALLEL 
f~. JWAVY PARALLEL S j l
 iNCNrARALLEL 
fK> JDISCONTIHUOUS l D
' "[CURVED PARALLEL 
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TUFF . 
F i g u r e 3 7 . M e a s u r e d s e c t i o n o f P a r a c h u t e C r e e k M e m b e r , D o u g ­







..... ..,. .. 
-1I. ~ 1 
=1::cl 
...... 01''1: ore (, .... ' 
-12.'1 
-li.'1 
. .:,: . ..., . .;. 

















~ - Cf'III 16$(t,.t.) 
- )'~ 163 2.81 
_(l .... , 
...... 0'" lSi $
- oP~ le.oll, I 
....... '7' 
-Df"I'~ II .AI _ Q.PII~7 71 



















- CPIiII02 14,C1 
lsTIlIoTlflUl lON 7 
s rRATIFtCATlQfj r..rm 
! 11 £ UI ~"".'olllL 
( 21-fl!!!'t~~~mI5l 'Ift~vy I\O~A LlU. 1\ ~>IO' '~RAl.l{l(4) 'If.1't.~' ~~0Iij&.''t:.~~LL[l (~) ~~(lJI~~~m 
(6) CUIIV[O NON' ....... lL[L 






! I UJOP S'"UCtt.IR£ 
t81 fWLT OIS1'UoC(l.I["<T 
tel e 'l' f.  GRO'II1 '1 
to  "OTUflUllOf1 
t l tOl'ITOfIllOll 





t:t    























TI-TIT/-DPR 70 (7,C) 8 0 
Douglas Pass 
Summit 




r %Dougfas' Bench Mark 
1 4 0 
1 3 0 - DPR 150 (7,C) 
DPR 149 (2,C) 
DPR 143 (2,0 
F i g u r e 3 8 , M e a s u r e d s e c t i o n o f t h e G a r d e n G u l c h a n d u p p e r 







'. ' . 




.. . .. 
GOOO 
0 00 0 
00000 0 
00000 





GL AS CR. ll u -
MBER 
OPR 72 (7,C) 
-
...... ~ .. . 
...... ~ .. . 
...... ~ .. 
...... ~ .. . 
~ ........ . 
... - ... . 
"~-...  
....... ~ ...  





..... ~ ~- O  141(3, ) 
...... 
....... .. ... 
.......... ... 
............. 
... ... ... ... 
t:· -.-
...... -.. ... 
. ... - ... -
,....-..... 
........... 
...... .,. ...... 





....... ~ ... 
... ~ ..... 
... ~ ...... 
-........... 
... ... ...... 
- -
...... OfL SHALE 
..... ~ .. ~ __ ~_ 
"'--~ 
. . '. 
. - ........ 
-- -
. - .- ":' 
oug/as Pas












... - ... ..,. 
---:::. ... .r 
..... ..... 
.... -... -
,. O   
..... Z,
.... 8 (2,e)
  e    e  l   upp r 
ugl   e , u l  ass ,
1 7 8 
s e r i e s o f r o a d c u t s a n d n a t u r a l o u t c r o p s b e s i d e a g r a v e l 
r o a d l e a d i n g t o a n FAA r a d a r f a c i l i t y , T h e s e c t i o n b e g i n s 
a t t h e d e p a r t u r e o f t h e g r a v e l r o a d f r o m C o l o r a d o S t a t e 
H i g h w a y 1 3 9 a n d e n d s a t t h e D o u g l a s T r i a n g u l a t i o n S t a t i o n 
( c e n t e r o f NW i s e c 2 5 , T . 5 S . , R . 1 0 2 V / , ) , T h e s e c t i o n i s 
a b o u t 1 5 0 m t h i c k . 
T h e c o n t a c t s a n d m a j o r o u t c r o p s o f t h e l o w e r D o u g l a s 
C r e e k M e m b e r o f t h e G r e e n R i v e r F o r m a t i o n , t h e W a s a t c h 
F o r m a t i o n , a n d t h e u p p e r m o s t M e s a v e r d e F o r m a t i o n w e r e m a p ­
p e d o n t h e D o u g l a s P a s s 7 , 5 m i n u t e q u a d r a n g l e . T h e s e 
o u t c r o p l o c a t i o n s w e r e u s e d i n c o n j u n c t i o n w i t h B r a d l e y ' s 
( 1 9 3 1 , p l a t e 8 ) m e a s u r e d s e c t i o n o f t h e W a s a t c h F o r m a t i o n 
a n d D o u g l a s C r e e k M e m b e r a t D o u g l a s P a s s t o c o n s t r u c t F i g ­
u r e 3 9 . I t s h o u l d b e n o t e d t h a t t h e t o p o f t h e s e c t i o n 
s h o w n i n F i g u r e 3 9 i s n e a r t h e b a s e o f t h e s e c t i o n s h o w n 
i n F i g u r e 3 8 . 
M o u n t L o g a n -
T h e M o u n t L o g a n s e c t i o n w a s m e a s u r e d i n A u g u s t , 1 9 7 2 , 
I t i s l o c a t e d a b o u t 1 0 km n o r t h e a s t o f D e B e q u e , C o l o r a d o 
n e a r t h e G a r r e t t R e s e a r c h a n d D e v e l o p m e n t C o m a n y ' s s h a l e -
o i l r e c o v e r y o p e r a t i o n . 
T h e s e c t i o n ( F i g , 4 0 ) b e g i n s o n t h e s o u t h s i d e o f 
M o u n t L o g a n (N i s e c 3 6 , T , 7 S , , R , 9 7 W . ) a t t h e b o t t o m 
o f a m a s s i v e c r o s s - s t r a t i f i e d s a n d s t o n e n e a r t h e o l d 
S a v a g e Q u a r r y , a n d e n d s 1 . 1 km t o t h e n o r t h e a s t i n t h e SW J 
S E i s e c 2 5 , T . 7 S , , R . 9 7 W. T h e s e c t i o n i s 1 8 2 m t h i c k 
a n d c o v e r s t h e u p p e r 1 0 t o 2 0 m o f t h e G a r d e n G u l c h M e m b e r 
a n d a l l o f t h e P a r a c h u t e C r e e k M e m b e r , 
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1 8 1 
R i o B l a n c o 
S a m p l e s f r o m t h e R i o B l a n c o a r e a a r e f r o m t w o m e a s u r e d 
s e c t i o n s ? 1 ) t h e P a r a c h u t e C r e e k M e m b e r o n u p p e r P i c e a n c e 
C r e e k a l o n g C o l o r a d o H i g h w a y 7 8 9 ? a n d 2 ) t h e U i n t a F o r m a ­
t i o n o n t h e W e s t B r a n c h o f Cow C r e e k . 
T h e u p p e r P i c e a n c e C r e e k s e c t i o n ( F i g . 4 l ) w a s m e a ­
s u r e d i n S e p t e m b e r , 1 9 7 2 , a n d i s a b o u t 2 . 4 km w e s t o f R i o 
B l a n c o , C o l o r a d o . T h e s e c t i o n i s 3 0 0 m t h i c k a n d p a r a l l e l s 
a s e c t i o n m e a s u r e d b y B r o b s t a n d T u c k e r ( 1 9 7 3 ) ( s e e F i g , 
4 1 f o r c o r r e l a t i o n o f k e y h o r i z o n s ) . T h e s e c t i o n b e g i n s 
i n t h e NW \ KW J s e c . 5 , T , 4 S . , R . 9 4 W . , t r a v e r s e s a l o n g 
n a t u r a l o u t c r o p s a n d r o a d c u t s t h r o u g h t h e P a r a c h u t e C r e e k 
M e m b e r , a n d e n d s i n t h e c e n t e r o f t h e NW J s e c . 6 , T . 4 S . , 
R , 9 4 . W. T h e G r e e n R i v e r F o r m a t i o n i n t h i s a r e a d i p s 
2 0 t o 3 0 d e g r e e s t o t h e w e s t , 
T h e s e c t i o n o f U i n t a F o r m a t i o n ( F i g . 4 2 ) w a s m e a s u r e d 
i n J u n e , 1 9 7 4 , o n t h e W e s t B r a n c h o f Cow C r e e k i n t h e NW | 
S E i s e c . 1 3 , T , 4 S , , R . 9 5 W, T h e s e c t i o n b e g i n s a t t h e 
b a s e o f t h e f i r s t s a n d s t o n e l e d g e o v e r l y i n g m a r l s t o n e a n d 
l o w - g r a d e o i l s h a l e o f t h e P a r a c h u t e C r e e k M e m b e r a n d c o n ­
t i n u e s u p w a r d f o r 1 6 6 m t o t h e t o p o f t h e C a n y o n . T h i s 
s e c t i o n d o e s n o t i n c l u d e t h e e n t i r e t h i c k n e s s o f t h e U i n t a 
F o r m a t i o n . 
U p p e r P a r a c h u t e C r e e k 
A s e r i e s o f 2 1 g r a b s a m p l e s w a s c o l l e c t e d o n u p p e r 
P a r a c h u t e C r e e k n e a r t h e c o n f l u e n c e o f t h e E a s t , M i d d l e , 
a n d W e s t F o r k s o f P a r a c h u t e C r e e k i n D e c e m b e r , 1 9 7 1 . T h e 
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Measured section of Uinta Format i on , Rio Blanco. 
1 8 4 
n e a r e s t t o w n i s G r a n d V a l l e y , C o l o r a d o , 1 6 km t o t h e s o u t h ­
e a s t . C o l o n y D e v e l o p m e n t ' s s e m i - w o r k s m i n e a n d r e t o r t a r e 
a b o u t 5 km n o r t h o f t h e s a m p l e s i t e . U n i o n O i l ' s o p e r a t i o n 
i s a b o u t 0 . 8 km t o t h e s o u t h e a s t . 
T h e s a m p l e s a r e f r o m t h e G a r d e n G u l c h a n d P a r a c h u t e 
C r e e k M e m b e r s o f t h e G r e e n R i v e r F o r m a t i o n a n d f r o m t h e 
U i n t a F o r m a t i o n , m o s t c o m i n g f r o m t h e P a r a c h u t e C r e e k M e m b e r 
( F i g , 4 -3 , m o d i f i e d a f t e r D o n n e l l , 1 9 6 l a , p l a t e 4 9 ) . 
G r a n d M e s a 
O n l y t w o s a m p l e s w e r e c o l l e c t e d f r o m t h e s o u t h f l a n k 
o f G r a n d M e s a ( F i g . 1 ) a l o n g a r o a d c u t o f C o l o r a d o S t a t e 
H i g h w a y 6 5 , D e l t a C o u n t y . B o t h s a m p l e s a r e m a s s i v e p y r i t e 
c o n c r e t i o n s , 
T h e G r e e n R i v e r F o r m a t i o n o n t h e s o u t h s i d e o f G r a n d 
M e s a i s u n d i v i d e d a n d c o n s i s t s o f s i l t s t o n e , c l a y s t o n e , s a n d ­
s t o n e , a n d b l a c k , f i s s l e c l a y s t o n e . T h e s e r o c k s a r e p a r t 
o f t h e s o u t h e r n m o s t f a c i e s o f t h e G r e e n R i v e r F o r m a t i o n a n d 
r e p r e s e n t m o s t l y m u d f l a t a n d f l u v i a l d e p o s i t i o n . 
U i n t a B a s i n 
T h e s a m p l e s f r o m t h e U i n t a B a s i n a r e a l l f r o m t h e P a r a ­
c h u t e C r e e k M e m b e r . M o s t o f t h e s e s a m p l e s a r e f r o m a d r i l l 
c o r e i n t h e c e n t r a l U i n t a B a s i n . 
I n d i a n C a n y o n 
T h e s a m p l e s f r o m I n d i a n C a n y o n w e r e c o l l e c t e d i n a 
r o a d c u t o f U t a h S t a t e H i g h w a y 3 3 a t t h e s u m m i t o f I n d i a n 
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C a n y o n . T h e s a m p l e s c o n s i s t o f p y r i t e b l e b s a n d p o d s i n 
d a r k , c l a y e y o i l ~ ' i a l e , 
WOSCO d r i l l c o r e 
T h e W e s t e r n O i l S h a l e C o r p o r a t i o n (WOSCO) E x p l o r a t o r y 
N u m b e r 1 w e l l w a s d r i l l e d , c o r e d a n d t e s t e d i n J u l y a n d 
A u g u s t , 1 9 6 9 . T h e w e l l i s l o c a t e d i n t h e SW J SE \ s e c . 
3 6 , T . 9 S , , R . 2 0 E . , U i n t a h C o u n t y , U t a h a b o u t 6 4 km b y 
r o a d f r o m V e r n a l , U t a h . C u t t i n g s w e r e c o l l e c t e d f r o m 3 0 
t o 1 , 7 6 0 f t RB ( f r o m t h e r o t a r y b u s h i n g ) a n d f r o m 2 , 9 7 0 
t o 3 , 2 4 4 f t R B . C o r e w a s t a k e n t h r o u g h t h e P a r a c h u t e C r e e k 
M e m b e r f r o m 1 , 7 6 7 t o 2 , 9 7 0 f t R B . T h e s a m p l e s u s e d i n t h i s 
s t u d y a r e f r o m t h e c o r e d i n t e r v a l . 
F i g u r e 4 4 i l l u s t r a t e s t h e l i t h o l o g y o f t h e c o r e 
( t a k e n f r o m f i g u r e 2 1 , u n p u b l i s h e d r e p o r t , C - S - R - G e o n u c l e a r ) 
a n d t h e s t r a t i g r a p h i c p o s i t i o n o f t h e s a m p l e s . 
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APPENDIX 2 
LITKOLOGIC D E S C R I P T I O N OF SAMPLES 
T h i s a p p e n d i x p r o v i d e s l i t h o l o g i c d e s c r i p t i o n s o f 
s a m p l e s u s e d i n i s o t o p e a n d X - r a y - d i f f r a c t i o n a n a l y s i s . 
S a m p l e d e s c r i p t i o n s a r e g i v e n i n T a b l e 5 . W i t h i n T a b l e 5» 
t h e s a m p l e s a r e l i s t e d a l p h a b e t i c a l l y w i t h r e s p e c t t o t h e 
p r e f i x c o d e ( T a b l e 3 ) . 
S a m p l e d e s c r i p t i o n s w e r e m a d e f r o m p o l i s h e d s l a b s 
o f s a m p l e s c o l l e c t e d i n t h e m e a s u r e d s e c t i o n s a n d f r o m t h e 
WOSCO d r i l l c o r e . T h e s l a b s w e r e c u t o n a h i g h - s p e e d d i a ­
m o n d s a w a n d p o l i s h e d t o a h i g h l u s t e r o n a l a p w i t h n u m ­
b e r 6 0 0 g r i t . S p r a y l a c q u e r w a s a p p l i e d t o t h e s l a b s 
b e f o r e s t u d y . T h e a v e r a g e s l a b w a s a b o u t 6 cm l o n g , 4 cm 
w i d e , a n d 1 cm t h i c k . T h e i d e n t i f i c a t i o n o f s o m e s e d i m e n ­
t a r y s t r u c t u r e s a n d s u l f i d e m o r p h o l o g i e s w a s d o n e u n d e r 
l o w - p o w e r m a g n i f i c a t i o n v / i t h a b i n o c u l a r m i c r o s c o p e . 
R o c k C l a s s i f i c a t i o n 
A n u m b e r o f d e s c r i p t i v e t e r m s h a v e e v o l v e d i n t h e p a s t 
5 0 y e a r s d i r e c t e d s p e c i f i c a l l y a t t h e r o c k s o f t h e G r e e n 
R i v e r F o r m a t i o n , m o s t l y f o r o i l s h a l e . S o m e o f t h e f o l l o w ­
i n g d e s c r i p t i v e t e r m s f o r o i l s h a l e a r e f r o m B r a d l e y ( 1 9 3 D » 
S m i t h a n d o t h e r s ( 1 9 6 8 ) a n d T r u d e l l a n d o t h e r s ( 1 9 7 0 ) . 
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T a b l e 3 . S a m p l i n g l o c a t i o n s , p r e f i x c o d e s , n u m b e r o f 
s a m p l e s c o l l e c t e d , a n d s t r a t i g r a p h i c i n t e r v a l s a m p l e d 
A r e a P r e f i x c o d e U n i t s s a m p l e d 
P i c e a n c e C r e e k B a s i n 
D o u g l a s P a s s DPR 
( u p p e r p a r t ) 
D o u g l a s P a s s DCT 
( l o w e r p a r t ) 
M o u n t L o g a n MLW 
R i o B l a n c o RBP 
R i o B l a n c o 
( C o w C r e e k ) RBC 
P a r a c h u t e C r e e k P - 2 5 
G r a n d M e s a GM 






u p p e r D o u g l a s C r e e k 
M b r ; G a r d e n G u l c h 
M b r ; P a r a c h u t e C r e e k 
M b r 
u p p e r M e s a v e r d e Pm; 
V / a s a t c h F m ; l o w e r 
D o u g l a s C r e e k M b r 
P a r a c h u t e C r e e k M b r 
P a r a c h u t e C r e e k M b r 
U i n t a F o r m a t i o n 
P a r a c h u t e C r e e k M b r j 
G a r d e n G u l c h M b r ; 
U i n t a F o r m a t i o n 
u n d i v i d e d G r e e n 
R i v e r F o r m a t i o n 
U i n t a B a s i n 
I n d i a n C a n y o n I C 
WOSCC d r i l l c o r e WOS 
2 
2 5 
P a r a c h u t e C r e e k M b r 




li  , efi  ,   
,  ic l sa  
 efi  co N it  sa
i  e  in
u l     l  
 p t) ;  
j c te  
 
l   ))   Fro
er p t) W  P' j lower
l   br
t   t   br 
   t   br 
 lan
(Cow Creek) RBC )  For n
Parachute Creek P-25 t   rj 
 l  br  
 For
   2 i  r en
 For n
 Basin
  Ie  t   
    t  ~ br
1 9 0 
C l a s s i f i c a t i o n o f f i n e - g r a i n e d r o c k s i s a f t e r P i c a r d ( 1 9 7 1 ) . 
T h e c l a s s i f i c a t i o n a n d t e r m i n o l o g y f o r s a n d s t o n e a n d n o n -
o i l s h a l e c a r b o n a t e r o c k s i s a f t e r F o l k ( 1 9 7 4 ) . 
O i l s h a l e a n d m a r l s t o n e 
O i l s h a l e a n d m a r l s t o n e a r e t w o o f t h e m o s t i m p o r t a n t 
l i t h o l o g i e s i n t h e G r e e n R i v e r F o r m a t i o n . T h e s e t w o l i t h -
o l o g i e s a r e m i n e r a l o g i c a l l y a n d s t r u c t u r e l y s i m i l a r a n d t h e 
d i s t i n c t i o n b e t w e e n t h e t w o i s m a d e g e n e r a l l y o n t h e o r g a n i c 
c o n t e n t ( d a r k c o l o r ) o f a p a r t i c u l a r s a m p l e . T h e t e r m 
m a r l s t o n e , a s u s e d i n t h e G r e e n R i v e r F o r m a t i o n t e r m i n o l o g y , 
d e s c r i b e s a d e n s e f i n e - g r a i n e d c l a y e y m u d s t o n e o r s i l t s t o n e 
c o m p o s e d o f m o s t l y d o l o m i t e , c a l c i t e a n d a u t h i g e n i c s i l i ­
c a t e s ( B r a d l e y , 1 9 3 1 , p . 7 ) . T h e u s e o f t h e t e r m m a r l s t o n e 
h a s b e e n c h a l l e n g e d b y P i c a r d ( 1 9 5 3 ) , h u t t h e t e r m r e m a i n s 
i n c u r r e n t u s e , 
O i l s h a l e i s a c t u a l l y a n e c o n o m i c r a t h e r t h a n a l i t h o -
l o g i c t e r m . I t i s a m a r l s t o n e r i c h i n o r g a n i c m a t t e r . O i l 
s h a l e h a s l o n g b e e n r e c o g n i z e d a s b e i n g n e i t h e r s h a l y o r 
o i l y ( B r a d l e y , 1 9 3 1 , 1 9 7 0 ; B o n n e l l , 1 9 6 l a ; J a f f e , 1 9 6 2 ; 
W i l l i a m s o n , 1 9 6 4 ; C a s h i o n , 1 9 6 7 ; S m i t h a n d R o b b , 1 9 7 3 ; 
B r o b s t a n d T u c k e r , 1 9 7 3 ) . M o s t o i l s h a l e i s a d o l o m i c r i t i c 
m a r l s t o n e w i t h o r g a n i c m a t t e r i n e x c e s s o f t h r e e g a l l o n s p e r 
t o n o f r e t o r t a b l e s h a l e o i l ( T r u d e l l a n d o t h e r s , 1 9 7 0 ; 
B r o b s t a n d T u c k e r , 1 9 7 3 ) . M o s t o i l s h a l e i s w e l l s t r a t i f i e d 
b u t d o e s n o t u s u a l l y e x h i b i t f i s s i l i t y , t h u s , i t i s n o t a 
s h a l e . O n l y o i l s h a l e w i t h a p a p e r y s p l i t t i n g a b i l i t y 
( B r a d l e y , 1 9 3 1 ) c a n b e l a b e l e d a s h a l e . A l t h o u g h o i l s h a l e 
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1 9 1 
i s a m i s n o m e r , i t i s s o w e l l e s t a b l i s h e d i n t h e l i t e r a t u r e 
i t s u s a g e c o n t i n u e s . 
T h e m i n e r a l m a t t e r i n o i l s h a l e a n d m a r l s t o n e i s m o s t ­
l y d o l o m i t e , c a l c i t e , q u a r t z , p o t a s s i u m f e l d s p a r , a l b i t e , 
a n a l c i m e , i l l i t e a n d p y r i t e ( E r o b s t a n d T u c k e r , 1 9 7 3 ) . 
M a n y e x o t i c m i n e r a l s a r e a l s o c o m m o n ( s e e P i c a r d a n d H i g h , 
1 9 7 2 a , f o r r e v i e w ) . T h e m i n e r a l m a t t e r i s g e n e r a l l y m o r e 
c o n c e n t r a t e d i n t h e l i g h t - c o l o r e d , t h i c k e r l a m i n a o f a 
v a r v e c o u p l e t . T i s o t a n d M u r p h y ( I 9 6 0 , 1 9 6 3 ) e v a l u a t e d t h e 
g r a i n s i z e a n d s h a p e o f t h e m i n e r a l g r a i n s i n t h e G r e e n 
R i v e r o i l s h a l e a n d f o u n d t h a t 9 9 w e i g h t p e r c e n t o f t h e i n ­
o r g a n i c p a r t i c l e s h a d m a x i m u m d i m e n s i o n s s m a l l e r t h a n 
4 4 jum. T h e p a r t i c l e s a l s o f o l l o w e d a l o g - n o r m a l s i z e 
d i s t r i b u t i o n a n d w e r e s t r o n g l y e u h e d r a l . 
T h e o r g a n i c m a t t e r i n o i l s h a l e i s y e l l o w t o r e d d i s h 
b r o w n i n t r a n s m i t t e d l i g h t a n d i s g e n e r a l l y s t r u c t u r e l e s s , 
e x c e p t f o r i n t e r l a m i n a t e d m i c r o o r g a n i s m s , i n s e c t s a n d p l a n t 
f o s s i l s . T h e o r g a n i c m a t t e r i s c o m p o s e d o f t h r e e b a s i c 
f r a c t i o n s ( B r a d l e y , 1 9 7 0 ) : 1 ) a b i t u m e n f r a c t i o n t h a t i s 
s o l u b l e i n c o m m o n o r g a n i c s o l v e n t s ; 2 ) a f r a c t i o n c a l l e d 
k e r o g e n t h a t i s i n s o l u b l e i n s o l v e n t , b u t i s r e l e a s e d f r o m 
t h e o i l s h a l e b y p y r o l y s i s ; a n d 3 ) a n u n n a m e d , i n e r t f r a c ­
t i o n t h a t i s n e i t h e r s o l u b l e n o r d o e s i t y i e l d o r g a n i c 
m a t t e r o n p y r o l y s i s . I t i s i m p o r t a n t t o n o t e t h a t t h e o r ­
g a n i c m a t t e r r e l e a s e d b y p y r o l y s i s i s n o t p e t r o l e u m , b u t 
r a t h e r a b l a c k w a x y s u b s t a n c e t h a t f r e e z e s a t r o o m t e m p e r a t u r e 
( J a f f e , 1 9 6 2 , p . 2 ) . 
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C o l o r 
T h e c o l o r t e r m s u s e d i n d e s c r i b i n g t h e s a m p l e s a r e 
t a k e n f r o m G o d d a r d ( 1 9 7 0 ) . G e n e r a l l y , t h e o i l s h a l e s h a v e 
m o r e t h a n o n e c o l o r . I n s u c h c a s e s , t h e m o s t p r o m i n e n t 
c o l o r i s l i s t e d f i r s t i n t h e d e s c r i p t i o n t a b l e a n d s e c ­
o n d a r y a n d t e r t i a r y c o l o r s a r e l i s t e d i n d e s c e n d i n g o r d e r . 
O r g a n i c C o n t e n t 
B r o b s t a n d T u c k e r ( 1 9 7 3 , p . 4 ) e s t i m a t e d t h e r e t o r t a b l e 
o i l c o n t e n t o f o i l s h a l e b y t h e c o l o r o f t h e s a m p l e , r e a ­
s o n i n g t h a t d a r k e r o i l s h a l e s h a v e m o r e o r g a n i c m a t t e r t h a n 
t h e l i g h t e r c o l o r e d o i l s h a l e s . A l t h o u g h t h i s p r a c t i c e i s 
l e s s a c c u r a t e t h a n F i s h e r - a s s a y a n a l y s i s , i t i s u s e d i n t h i s 
s t u d y t o c l a s s i f y t h e o i l s h a l e s ( F i g . 3 7 ) . F r o m v i s u a l 
e x a m i n a t i o n , t h e o i l s h a l e s a m p l e s w e r e g r o u p e d i n t o 
f i v e b r o a d c a t e g o r i e s o f e s t i m a t e d s h a l e - o i l c o n t e n t b a s e d 
o n c o l o r . 1 ) l e a n o i l s h a l e ( 3 t o 7 g a l l o n s p e r t e n , g p t ) , 
c o l o r e d s h a d e s o f g r a y a n d g r a y b r o w n ( N 6 , N 5 , 5 YR 6 / 1 , 
5 YR V D l 2 ) l o w o i l s h a l e ( 7 t o 1 5 g p t ) , c o l o r e d l i g h t 
b r o w n a n d y e l l o w i s h b r o w n ( 5 YR 6 / 4 , 5 YR 5 / 2 , 1 0 YR 6 / 2 , 
1 0 YR 4 / 2 , 1 0 YR 5 / 4 ) j 3 ) m o d e r a t e o i l s h a l e ( 1 5 t o 3 0 
g p t ) , c o l o r e d m o d e r a t e b r o w n a n d d a r k b r a y i s h b r o w n 
( 5 YR 4 / 4 , 5 YR 3 / 4 , 5 YR 3 / 2 ) j 4 ) r i c h o i l s h a l e ( 3 0 t o 
4 5 g p t ) , c o l o r e d b r o w n i s h b l a c k , g r a y i s h b l a c k a n d d a r k 
b r o w n ( 5 YR 2 / 2 , 1 0 YR 2 / 2 , 5 YR 2 / 1 , N 2 ) : a n d 5 ) v e r y r i c h 
0 1 1 s h a l e ( m o r e t h a n 4 5 g p t ) , c o l o r e d b l a c k ( N l ) w i t h n o 
d i l u t i o n b y l i g h t e r c o l o r s . 
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S m i t h ( 1 9 6 9 ) h a s d e m o n s t r a t e d a r e l a t i o n s h i p b e t w e e n 
t h e d e n s i t y o f o i l s h a l e a n d i t s p y r o l i c o i l y i e l d . O i l 
s h a l e i s c o m p o s e d o f t w o b a s i c f r a c t i o n s ! m i n e r a l m a t t e r 
w i t h a d e n s i t y o f a b o u t 2 . 7 g m / c m ^ , a n d o r g a n i c m a t t e r w i t h 
a d e n s i t y o f a b o u t 1 . 0 5 g m / c m . T h u s , t h e g r e a t e r t h e 
o r g a n i c c o n t e n t , t h e l o w e r t h e d e n s i t y o f t h e r o c k a s a 
w h o l e . A n e m p e r i c a l e q u a t i o n w a s e s t a b l i s h e d f o r t h e 
r e l a t i o n s h i p b e t w e e n d e n s i t y a n d o i l y i e l d ( S m i t h , 1 9 6 9 ) 1 
Y = 3 1 . 5 6 3 X 2 - 2 0 5 . 9 9 8 X + 3 2 6 . 6 2 4 
w h e r e Y i s t h e o i l y i e l d i n g a l l o n s p e r t o n , a n d X i s t h e 
d e n s i t y o f t h e o i l s h a l e . T h i s e q u a t i o n w a s u s e d o n s e v e r a l 
o f t h e s t u d y s a m p l e s t o c h e c k i f t h e c o l o r e s t i m a t i o n o f 
o r g a n i c c o n t e n t v / a s a c c u r a t e . G e n e r a l l y , t h e o r g a n i c c o n ­
t e n t d e t e r m i n e d b y s p e c i f i c g r a v i t y w a s c l o s e t o t h e o r g a n i c 
c o n t e n t e s t i m a t e d b y c o l o r ( + 5 g p t ) . T h u s , t h e e s t i m a t i o n 
o f r e t o r t a b l e o i l b y c o l o r a p p e a r s t o b e a r e l i a b l e m e t h o d 
a n d s e r v e s t h e p u r p o s e s o f t h i s s t u d y w e l l , 
S t r a t i f i c a t i o n 
T h e c l a s s i f i c a t i o n o f p r i m a r y s t r a t i f i c a t i o n t y p e s 
a n d s e c o n d a r y s t r u c t u r e s w a s d e s c r i b e d a n d d i s c u s s e d 
e a r l i e r a n d w i l l n o t b e r e p e a t e d h e r e i n d e t a i l . Two 
p h y s i c a l c h a r a c t e r i s t i c s a r e i m p o r t a n t i n d e s c r i b i n g t h e 
s t r a t i f i c a t i o n c h a r a c t e r i s t i c s o f t h e f i n e - g r a i n e d r o c k s 
o f t h e G r e e n R i v e r F o r m a t i o n , t h e t h i c k n e s s o f t h e s t r a t i f i ­
c a t i o n u n i t s , a n d t h e m o r p h o l o g y o f t h e s t r a t i f i c a t i o n u n i t s , 
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T h i c k n e s s 
T h e r o c k s o f t h e G r e e n R i v e r F o r m a t i o n u s u a l l y e x h i b i t 
d i s t i n c t s t r a t i f i c a t i o n . S t r a t u m m a y r a n g e i n t h i c k n e s s 
f r o m a m e t e r t o l e s s t h a n a m i l l i m e t e r . A s t r a t u m i s a 
l a y e r o f r o c k o r s e d i m e n t t h a t i s v i s u a l l y o r p h y s i c a l l y 
s e p a r a t e d f r o m t h e l a y e r s a b o v e a n d b e l o w b y a s t r a t a l s u r ­
f a c e ( C a m p b e l l , 1 9 & 7 , p . 8 ) , T h u s , t h e a v e r a g e d i s t a n c e 
b e t w e e n s t r a t a l s u r f a c e s i s t h e t h i c k n e s s o f t h e s t r a t i f i ­
c a t i o n . 
T h e t h i c k n e s s t e r m s u s e d h e r e a r e t a k e n f r o m I n g r a m 
( 1 9 5 4 ) w i t h o n e m i n o r r e v i s i o n . I n g r a m ' s t h i n l y l a m i n a t e d 
c l a s s i s r e d e f i n e d f o r t h i c k n e s s e s b e t w e e n 0 . 3 a n d 0 . 1 c m . 
A n e w c l a s s , t e r m e d v e r y t h i n l y l a m i n a t e d i s u s e d f o r 
l a m i n a e t h i n n e r t h a n 0 . 1 c m . 
W i t h m a g n i f i c a t i o n , i t i s a p p a r e n t t h a t s o m e o f t h e 
f i n e - g r a i n e d r o c k s o f t h e G r e e n R i v e r F o r m a t i o n , p a r t i c u l a r ­
l y o i l s h a l e a n d m a r l s t o n e , a r e c o m p o s e d o f m i c r o s c o p i c 
s t r a t i f i c a t i o n u n i t s . F o r t h e s e s t r a t a l u n i t s , t h e t e r m 
m i c r o l a m i n a ( m i c r o l a m i n a t i o n ) i s u s e d . 
S t r a t i f i c a t i o n m o r p h o l o g y 
M o r p h o l o g y o f s t r a t i f i c a t i o n i n t h e p o l i s h e d s l a b s 
a n d d r i l l c o r e i s d e s c r i b e d i n t e r m s o f 1 3 s t r a t i f i c a t i o n 
t y p e s a n d s i x s e c o n d a r y s t r u c t u r e s ( F i g . 6 ) . S o m e o f t h e 
t e r m s f o r p r i m a r y s t r a t i f i c a t i o n a r e f r o m C a m p b e l l ( 1 9 6 7 ) , 
a n d t e r m s f o r d e s c r i b i n g s e c o n d a r y s t r u c t u r e s a r e p a r t l y 
f r o m B r a d l e y ( 1 9 3 1 ) a n d T r u d e l l a n d o t h e r s ( 1 9 7 0 ) . T e r m s 
f o r s t r a t i f i c a t i o n a n d c r o s s - s t r a t i f i c a t i o n i n s a n d s t o n e 
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a n d s i l t s t o n e i n t h e f i e l d a r e f r o m M c K e e a n d W e i r ( 1 9 5 3 ) . 
D e s c r i p t i o n o f a l g a l s t r o m a t o l i t e s a n d m a t s i s f r o m L o g a n 
a n d o t h e r s ( 1 9 6 4 ) . 
D e s c r i p t i o n o f t h e c h a r a c t e r o f t h e c o n t a c t b e t w e e n 
l a m i n a i s a l s o d o n e . T h o s e c o n t a c t s t h a t a r e a b r u p t , u s u a l l y 
b e c a u s e o f c o l o r c h a n g e , a r e t e r m e d s h a r p . T h o s e c o n t a c t s 
t h a t a r e d i f f u s e a r e t e r m e d g r a d a t i o n a l . 
I n T a b l e 5.- t h e p r i m a r y a n d s e c o n d a r y s t r u c t u r e s a r e 
l i s t e d i n o r d e r o f d e c r e a s i n g a b u n d a n c e f o r t h o s e s a m p l e s 
t h a t h a d m o r e t h a n o n e t y p e o f s t r u c t u r e . P r i m a r y a n d 
s e c o n d a r y s t r u c t u r e s o f t h e s a m p l e s a r e a l s o s u m m a r i z e d i n 
F i g u r e s 3 7 t o 4 4 ( s e e F i g . 3 7 f o r l e g e n d ) . 
I n t e r b e d d e d U n i t s 
C r y s t a l - g r o w t h b o d i e s a n d p l a n t d e b r i s a r e common i n 
o i l s h a l e , m a r l s t o n e , s i l t s t o n e a n d s a n d s t o n e . T h e m o s t 
c o m m o n t y p e s o f i n t e r b e d u n i t s a r e s t r i n g e r s , s t r e a k s , 
l e n s e s , b l e b s , p a t c h e s , b o u d i n a g e s t r u c t u r e s , s p h e r u l e s , 
b l a d e s , a n d f r a m b o i d s . W h e n t h e s e f o r m s w e r e o b s e r v e d 
o n l y b y a i d o f t h e m i c r o s c o p e , t h e p r e f i x m i c r o i s a d d e d 
( e . g . , m i c r o s t r e a k ) . 
A s t r i n g e r i s a n i r r e g u l a r , d i s c o n t i n u o u s l a m i n a o f 
m i n e r a l m a t t e r ( s u l f i d e m o s t l y ) w i t h a n a r b i t r a r i l y d e f i n e d 
w i d t h - t o - t h i c k n e s s r a t i o ( i n c r o s s s e c t i o n ) o f 1 0 o r g r e a t e r . 
A s t r e a k i s a f l a t , d i s c o n t i n u o u s m a s s w i t h s m o o t h o u t l i n e 
a n d a w i d t h - t o - t h i c k n e s s r a t i o o f 1 0 o r g r e a t e r . A l e n s 
i s a b i c o n v e x o r o v a l d i s c o n t i n u o u s m a s s w i t h a w i d t h - t o -
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t h i c k n e s s r a t i o o f l e s s t h a n 1 0 . A b l e b i s a n i r r e g u l a r 
t o r o u n d e d b o d y w i t h o u t a n g u l a r c o r n e r s , A p a t c h i s a 
v e r y i r r e g u l a r m a s s o f s i m i l a r s i z e , b u t w i t h a n g u l a r c o r ­
n e r s a n d p r o j e c t i o n s . S p h e r u l e s a r e w e l l - r o u n d e d s u l f i d e 
b o d i e s w i t h a s p h e r i c i t y i n d e x ( F o l k , 1 9 7 ^ ) n e a r o n e . 
B o u d i n a g e s t r u c t u r e s c o n s i s t o f a s e r i e s o f b l e b s i n t e r ­
c o n n e c t e d b y a t h i n s t r i n g e r o f m i n e r a l m a t t e r o f t h e s a m e 
c o m p o s i t i o n a s t h e b l e b s . B l a d e s ( c a l l e d f e a t h e r s b y 
M i l t o n , 1 9 5 7 ) c o n s i s t o f j a g g e d , n e e d l e - l i k e s u l f i d e b o d i e s 
t h a t m a y o r m a y n o t b e p a r a l l e l t o t h e l a m i n a t i o n . An 
a g g r e g r a t e o f b l a d e s a r e r e f e r r e d t o a s c o m p o u n d b l a d e s . 
A n o t h e r s u l f i d e c r y s t a l h a b i t i s t h e f r a m b o i d s t r u c t u r e , 
w h i c h i s t h e u s u a l f o r m f o r i r o n - s u l f i d e m i n e r a l s i n R e c e n t 
o r g a n i c - r i c h s e d i m e n t s . T h e s i g n i f i c a n c e o f a l l o f t h e s e 
i r o n - s u l f i d e c r y s t a l h a b i t s i s d i s c u s s e d i n C h a p t e r s 3 a n d 
4 . 
S e v e r a l o t h e r t e r m s w e r e u s e d t o d e s c r i b e l a r g e - s c a l e 
c r y s t a l l i n e a g g r e g r a t e s i n t h e f i e l d . N o d u l e s a r e u s u a l l y 
1 t o 2 5 cm i n m a x i m u m d i m e n s i o n , a n d a r e s u b r o u n d e d t o d i s -
c o i d a l i n o u t l i n e . P o d s h a v e s i m i l a r d i m e n s i o n s , b u t h a v e 
a m o r e r o u n d e d o u t l i n e . Z o n e s t h a t h a v e h a d m i n e r a l m a t t e r 
r e m o v e d b y w e a t h e r i n g a r e r e f e r r e d t o a s v u g s . 
S a m p l e U s e s 
T h e f i n a l p a r t o f e a c h s a m p l e d e s c r i p t i o n i s a l i s t ­
i n g o f t h e t y p e s o f a n a l y s e s p e r f o r m e d o n t h e s a m p l e 1 
s u l f u r - i s o t o p e a n a l y s i s o r X - r a y - d i f f r a c t i o n a n a l y s i s . 
 
i ckness ti  f     l    irr ular 
 e   i t l  s,  t  s 
 g l  s  f  , t i   cor-
  jecti s. e ules   sulfid
 it   ity  l , 4) r .
i e es si t f  i   l  inter-
    g   i l tt  f  sa
pos iti    . l    
ilt , ) sist f , l -l   b
t ay   t  r ll l   a inati . 
t   l   fe e     la .
 l  l it   oi  structu ,
i    l   l  i l   e t
 .      the
lfi e l i     t  J a
 
l       large - scale
t ll e    . l   usu lly
 e  i  i      dis-
     i  ns   h
        in  matter
  i      vugs
l  ses
     l     list-
         ,
 l i   -r y i  analysis
1 9 ? 
T h e s e a r e a b b r e v i a t e d b y ^ S , XRD-WR ( w h o l e - r o c k X - r a y 
a n a l y s i s ) a n d XRD-S ( s u l f i d e X - r a y a n a l y s i s ) , r e s p e c t i v e l y . 
E x p l a n a t i o n o f D e s c r i p t i v e T a b l e 
T a b l e 5 l i s t s i n f o r m a t i o n t h a t h a s b e e n s u m m a r i z e d i n 
t h e p r e c e d i n g p a r a g r a p h s . T h i s i n c l u d e s t h e s a m p l e n u m ­
b e r , r o c k t y p e , c o l o r , p r i m a r y s t r a t i f i c a t i o n , s e c o n d a r y 
s t r u c t u r e s , a n d a d e s c r i p t i o n o f a n y i n t e r b e d s i n t h e 
s a m p l e . T h i s l a s t d e s c r i p t i v e s t a t e m e n t s h o u l d b e c o n ­
s u l t e d f o r t h e d e s c r i p t i o n o f t h e i r o n - s u l f i d e b o d i e s i n 
t h e s a m p l e s . 
S i n c e T a b l e 5 i n c l u d e s m u c h d e s c r i p t i v e i n f o r m a t i o n , 
i t i s n e c e s s a r y t o a b b r e v i a t e s o m e o f t h e t e r m i n o l o g y . 
T a b l e 4 l i s t s t h e a b b r e v i a t i o n s , m o s t o f w h i c h a r e f r o m 
M i t c h e l l a n d M a h e r ( 1 9 5 7 ) . 
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T a b l e 4 , A b b r e v i a t i o n s o f d e s c r i p t i v e t e r m s 
R o c k c l a s s i f i c a t i o n 
A l g b i o a l g a l b i o l i t h i t e 
c l y s t c l a y s t o n e 
m d s t m u d s t o n e 
m i c raicrite 
m r l s t m a r l s t o n e 
o o l o o l i t e 
o s h o i l s h a l e 
p e l p e l l e t 
p i s o p i s o l i t e 
s l t s t s i l t s t o n e 
s p r s p a r i t e 
s s s a n d s t o n e 
M o d i f y i n g t e r m s 
T h i c k n e s s o f s t r a t i f i c a t i o n 
c a l c 
c l y 
d o l 
f e l d 
f o s 
m i c r 
p y t 
s d y 
s l t y 
s p y 
G r a i n s i z e 
f n 
md 
c r s e 
c a l c a r e o u s 
c l a y e y 
d o l o m i t i c 
f e l d s p a t h i c 
f o s s i l i f e r o u s 
m i c r i t i c 
p y r i t i c 
s a n d y 
s i l t y 
s p a r r y 
f i n e 
m e d i u m 
c o a r s e 
v t h n b d d v e r y t h i n b e d ­
d e d 
t h k l a m t h i c k l a m i n a ­
t i o n 
t h n l a m t h i n l a m i n a ­
t i o n 
v t h n l a m v e r y t h i n l a m ­
i n a t i o n 
S t r a t i f i c a t i o n t e r m s 
A l g a l g a l 
b r e c c b r e c c i a t e d 
c v c u r v e d 
d i s d i s c o n t i n u o u s 
e v e v e n 
g r a d g r a d a t i o n a l 
h o r h o r i z o n t a l 
l a m l a m i n a t e d 
m o t m o t t l e d 
m x l a m m i c r o - c r o s s -
l a m i n a t e d 
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p l l p a r a l l e l 
r g r d r e v e r s e g r a d e d 
s h p s h a r p 
s t l s s t r u c t u r e l e s s 
w v y w a v y 
x l a m c r o s s - l a m i n a t e d 
x s t r a t c r o s s - s t r a t i ­
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T a b l e 4 . A b b r e v i a t i o n s o f d e s c r i p t i v e t e r m s — C o n t i n u e d 
S e c o n d a r y s t r u c t u r e s 
b i o t b b i o t u r b a t i o n 
c o n t c o n t o r t i o n 
d r p t d i s r u p t i o n 
f i t d i s f a u l t d i s p l a c e m e n t 
l p l o o p 
x l g w t h c r y s t a l g r o w t h 
A c c e s s o r y f e a t u r e s 
b d e b l a d e 
b d n g e b o u d i n a g e 
b i b b l e b 
b n d b a n d 
c o n c h c o n c h o i d a l 
f m b f r a m b o i d a l 
h k y h a c k l y 
m a r c m a r c a s i t e 
n o d n o d u l e 
p t p l a n t 
p o p y r r h o t i t e 
p y r p y r i t e 
s i l s i l i c e o u s 
s p h s p h e r u l e 
s t n g s t r i n g e r 
s t r s t r e a k 
v n l t v e i n l e t 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s 
S a m p l e R o c k
 r . l n r , + r > . t 1 f ^ a t , n r i S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e ^ o i o r ^ x r a x i i i c a x x o n s t r u c t u r e s f e a t u r e s u s e s 
D C T - 1 s i l t y s s 5 Y 7 / 2 s h p t h k c v n p l l l a m x l g w t h v f n 3 ^ S , XRD-WR, 
g r a i n e d X R D - S 
N u m e r o u s i r o n - d i s u l f i d e b l e b s ( 0 . 5 cm m a x i m u m d i m e n s i o n ) ; u n i t i s x l a m , l e n s o i d 
a n d i n t e r b e d d e d w i t h g r a y a n d r e d s h a l e . 
D C T - 2 s a n d s t o n e 5 Y 7 / 2 s t r u c t u r e l e s s & x l g w t h md g r a i n e d ^ S , XRD-WR, 
1 0 YR 6 / 6 g r a d t h k c v n p l l X R D - S 
l a m 
L a r g e c o n c r e t i o n a r y z o n e s u p t o 5 cm i n d i a m e t e r o f i r o n - d i s u l f i d e - c e m e n t e d 
s a n d s t o n e . A b l e a c h e d h a l o ( 3 cm t h i c k ) s u r r o u n d s s u l f i d e . S a n d s t o n e b o d y 
i s x s t r a t , e x c e p t i n s u l f i d e z o n e w h e r e i t i s s t r u c t u r e l e s s . 
D C T - 3 s i l t y s s 1 0 YR 8 / 2 s h p t h k c v n p l l x l g w t h f n g r a i n e d ^ S , XRD-WR 
l a m 
N u m e r o u s i r r e g u l a r l y s h a p e d 1 t o 2 cm d i a m e t e r n o b b y i r o n - d i s u l f i d e p o d s 
a l i g n e d p a r a l l e l t o s m a l l - s c a l e p l a n a r c r o s s - s t r a t i f i c a t i o n . 
D C T - 4 S a m e d e s c r i p t i o n a s D C T - 2 XRD-S 
D C T - 5 s p a r r y s s 5 Y 6 / 1 s t r u c t u r e l e s s md g r a i n e d XRD-WR 
V e r y c a l c a r e o u s a n d g r a i n s u p p o r t e d i n p l a c e s . L a r g e i r o n - d i s u l f i d e c o n c r e t i o n s 
( u p t o 5 cm i n d i a m e t e r ) i n p l a c e s . 
D C T - 6 s a n d s t o n e N 8 s t r u c t u r e l e s s c r s e XRD-WR 
g r a i n e d 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k m i o r S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C o l o r o t r a t i i i c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
D C T - 7 s a n d s t o n e 5 Y 6 / 1 g r a d t h k e v p l l h o r x l g w t h md g r a i n e d J S , XRD-WR, 
l a m & s t r u c t u r e l e s s XRD-S 
O u t c r o p i s l e n s o i d a n d x s t r a t w i t h c l a y - p e b b l e c l a s t s a t c h a n n e l b a s e . 
N u m e r o u s v e r y l a r g e ( u p t o 1 2 cm d i a m e t e r ) i r o n - d i s u l f i d e c o n c r e t i o n s i n 
s a n d s t o n e , 
D C T - 8 s a n d s t o n e 5 Y 6 / 1 s h p t h k - t h n e v p l l x l g w t h md g r a i n e d J S , XRD-S 
h o r l a m 
N u m e r o u s d i s c o i d a l i r o n - d i s u l f i d e p o d s ( 1 t o 7 cm m a x i m u m d i a m e t e r ) a l i g n e d 
p a r a l l e l t o l a m i n a t i o n . 
D C T - 9 s d y o s t r a - 5 Y 8 / 1 s t r u c t u r e l e s s md g r a i n e d XRD-WR 
c o d b i o - 5 Y 6 / 1 
s p a r i t e 
I n t r a c l a s t s a l s o p r e s e n t ( l e s s t h a n 5 p e r c e n t ) . 
DCT-1OA c l a y s t o n e N 2 g r a d t h n e v p l l h o r XRD-WR 
l a m 
D C T - 1 0 B m a r l s t o n e 1 0 YR 8 / 2 s h p t h n - v t h n e v p l l XRD-WR 
h o r l a m 
D C T - 1 0 C a l g b i o 1 0 YR 8 / 2 a l g a l l a m XRD-WR 
S a m p l e i s f r o m a s t r o m a t o l i t e w h i c h i s a b o u t 5 cm h i g h . 
D C T - 2 1 c l a y s t o n e N 2 s h p t h n e v p l l h o r x l g w t h XRD-WR 
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Sample is from a stromatolite which is about 5 em high. 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k S t r a t i f i c a t i o n j ? £ S S £ ! 2 i *Z3£? 
n u m b e r t y p e s t r u c t u r e s f e a c u r e s u s e s 
D C T - 2 3 s l t y c l y s t 5 Y 6 / 1 s h p t h k - t h n e v p l l x l g w t h ^ S , XRD-WR, 
1 0 YR 5 A h o r l a m X R D - S 
F r o m t h i s s a m p l e h o r i z o n , t h e D C T - 2 3 A t o J s u l f i d e g r o u p w a s c o l l e c t e d i n 
t h e f i e l d . S a m p l i n g a l o n g t h e h o r i z o n w a s 1 7 . 7 m . S u l f i d e s a r e p o d s u p 
t o 5 cm i n d i a m e t e r . 
D C T - 2 4 s l t y c l y s t 5 Y 6 / 1 s h p t h n e v p l l h o r x l g w t h ^ S , XRD-S 
l a m 
L a r g e i r o n - d i s u l f i d e p o d s a n d b l e b s u p t o 1 . 5 cm i n d i a m e t e r . 
D C T - 2 5 m a r l s t o n e 5 Y 8 / 1 s t r u c t u r e l e s s x l g w t h - ^ S , XRD-WR, 
X R D - S 
N u m e r o u s 1 t o 2 mm p y r i t e c u b e s , s o m e w i t h r o u n d e d c r y s t a l f a c e s ; v e r y m e t a l l i c 
l u s t e r . 
D C T - 2 6 m a r l s t o n e 5 Y 6 / 1 s t r u c t u r e l e s s x l g w t h &9 X R D - S 
N u m e r o u s 0 . 5 t o 2 . 5 cm d i s c o i d a l i r o n - d i s u l f i d e p o d s a n d b l e b s . 
D C T - 2 7 m a r l s t o n e 5 Y 6 / 1 s t r u c t u r e l e s s c o n t , x l ^ S , XRD-WR 
g w t h 
S e v e r a l l a r g e ( 1 t o 6 cm d i a m e t e r ) d i s c o i d a l i r o n - d i s u l f i d e p o d s . 
D C T - 2 8 m a r l s t o n e 5 Y 6 / 1 g r a d t h n d i s e v p l l x l g w t h 3 \ 9 XRD-WR, 
h o r l a m & s t r u c t u r e - XRD-S 
l e s s 
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Tlu be  
T -
T -  
DCT-25 
T -  
 
T -  
  l    samples--continue
Rock Col or tif  Secondary Accessory Sample   t  uses
   y        34s • RD-
 /4   RD-
.   l   I  'l' -      
  l       
  e  dia ter.
   in
l    up
 t  y         34s , RD-
lam 
Large iron - disulfide pods and blebs up to 1. 5 cm in diameter. 
rnarlstone 5 Y 8/1 structureless xl gwth 34S , XRD-WR. 
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T a b l e 5 . L i t h e - l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k S t r a t i f i c a t i o n
 H
S
" ? " ^ k?™Z?°™ ^ l l * 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
N u m e r o u s d i s s e m i n a t e d p y r i t e ' m e g a f r a m b o i d s ' ( 1 t o 4 mm d i a m e t e r ) , c o m p o s i t e 
c u b e s , s p h e r u l e s a n d c o m p o u n d s p h e r u l e s . 
D C T - 2 9 m a r l s t o n e , 5 Y 6 / 1 s t r u c t u r e l e s s & g r a d x l g w t h ^ $ , XRD-S 
c l a y s t o n e 5 YR 6 / 1 t h n d i s e v p l l h o r 
l a m 
N u m e r o u s d i s c o i d a l s e m i b o u d i n a g e i r o n - d i s u l f i d e b l e b s a n d s t r e a k s . 
D C T - 3 0 S a m e d e s c r i p t i o n a s D C T - 2 9 ^ S , XRD-S 
D P R - 5 0 s i l t s t o n e 5 Y 6 / 1 s t r u c t u r e l e s s c r s e g r a i n - XRD-WR 
e d , m i c a ­
c e o u s 
N u m e r o u s , d i s s e m i n a t e d , o x i d i z e d , i r o n - d i s u l f i d e s p h e r u l e s , 0 , 5 t o 2 mm d i a ­
m e t e r ; a l s o , d i s s e m i n a t e d m i c r o b l e b s . 
D P R - 5 1 s a n d s t o n e 1 0 YR S/k s t r u c t u r e l e s s v f n XRD-WR 
g r a 5 . n e d 
D i s s e m i n a t e d m i c r o b l e b o f i r o n d i s u l f i d e . F e l d s p a t h i c a n d c a l c a r e o u s . 
D P R - 5 6 a l g p i s o - 1 0 YR 7 / 4 a l g a l XRD-WR 
s p a r i t e 
D P R - 5 7 s a n d s t o n e 5 Y 6 / 4 s t r u c t u r e l e s s & s h p x l g w t h v f n XRD-WR 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k m i or- S t r a t i f i c f l t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C o ^ o r b t r a t i i i c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
S a n d s t o n e i s f e l d s p a t h i c , p o o r l y c e m e n t e d a n d c a l c a r e o u s . D i s s e m i n a t e d 
m i c r o b l e b s o f i r o n - d i s u l f i d e a r e p r e s e n t . 
D P R - 5 8 s i l t y s s 5 Y 6 / 4 m o t t l e d v f n XRD-WR 
g r a i n e d 
L o c a l z o n e s o f o x i d i z e d i r o n - d i s u l f i d e c e m e n t i n s a n d s t o n e . 
D P R - 5 9 o s t r a c o d 1 0 YR 8 / 6 s t r u c t u r e l e s s XRD-WR 
p i s o s p r 
D P R - 6 0 a l g b i o 1 0 YR ? / 4 a l g l a m XRD-WR 
M i n o r t r a p p e d o s t r a c o d s a n d o o l i t h s . 
D P R - 6 4 a l g p i s o - 1 0 YR 8 / 2 a l g l a m & s t l s XRD-WR 
s p a r i t e 
I r r e g u l a r l y s t r a t i f i e d . 
D P R - 6 5 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
M i n o r i r o n - d i s u l f i d e m i c r o p a t c h e s . 
D P R - 7 0 s l t y m a r l - 5 Y 7 / 2 s t r u c t u r e l e s s & g r a d x l g w t h md g r a i n e d ^ S , XRD-WR, 
s t o n e t h k d i s e v p l l h o r XRD-S 
l a m 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 P o 1 f l r S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C o l o r b t r a t i l i c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
D P R - 7 1 a l g o o i n t r a - 1 0 YR 7 / 4 a l g l a m & s t r u c - XRD-WR 
s p a r i t e t u r e l e s s 
D P R - 7 2 A s l t y m a r l - 5 Y 7 / 2 s t r u c t u r e l e s s & s h p x l g w t h ' S , XRD-WR, 
s t o n e t h n d i s e v p l l l a m XRD-S 
N u m e r o u s d i s s e m i n a t e d s p h e r u l e s , c u b e s , b l e b s a n d m i c r o b l e b s . 
D P R - 7 2 3 S a m e d e s c r i p t i o n a s D P R - 7 2 A ^ S , X R D - S 
D P R - 7 3 s a n d s t o n e 1 0 YR 6 / 6 s h p t h k - t h n c v n p l l x l g w t h f n g r a i n e d XRD-WR 
& d i s c v p l l l a m 
D i s s e m i n a t e d o x i d i z e d i r o n - d i s u l f i d e p a t c h e s ( 1 mm d i a m e t e r ) . 
D P R - 7 4 s l t y m a r l - 5 Y 5 / 2 s t r u c t u r e l e s s x l g w t h md g r a i n e d XRD-WR 
s t o n e 
N u m e r o u s d i s s e m i n a t e d i r o n - d i s u l f i d e s p h e r u l e s ( 0 . 2 t o 2 . 0 mm d i a m e t e r ) , 
p a t c h e s a n d b l e b s . 
D P R - 7 5 s a n d s t o n e 1 0 YR 7 / 4 g r a d t h k - t h n c v n p l l x l g w t h f n g r a i n e d XRD-WR 
& d i s c v p l l l a m 
D i s s e m i n a t e d o x i d i z e d i r o n - d i s u l f i d e s p h e r u l e s ( 0 , 2 t o 0 , 5 ram d i a m e t e r ) . 
D P R - 7 6 a l g b i o 1 0 YR 8 / 2 , a l g l a m XRD-WR 
D P R - 7 7 s d y o o s p r 1 0 YR 7 / 4 s h p t h k w v y p l l , e v v f n g r a i n e d XRD-WR 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o o k
 C o l o r s t r a t i f i c a t i o n ^ w J ? ^ l l * 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
D P R - 7 8 s i l t s t o n e 1 0 YR 7 / 4 g r a d t h k - t h n c v n p l l x l g w t h c r s e g r a i n e d XRD-WR 
& d i s c v p l l l a m 
D i s s e m i n a t e d m i c r o b l e b s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e ( ? ) . 
D P R - 8 0 s a n d s t o n e 1 0 YR 7 / 4 s t r u c t u r e l e s s f n g r a i n e d XRD-WR 
D P R - 8 1 s l t y s s 1 0 YR 7 / 4 m o t t l e d & s t r u c - x l g w t h v f n g r a i n e d XRD-WR 
t u r e l e s s 
N u m e r o u s i r o n - d i s u l f i d e p a t c h e s , b l e b s a n d c u b e s , p a r t i a l l y o x i d i z e d . 
D P R - 8 3 o s t r a c o d 1 0 YR 7 / 4 a l g l a m XRD-WR 
i n t r a s p r 
P o o r l y s t r a t i f i e d w i t h i n t r a c l a s t s o f a l g a l m a t e r i a l . 
D P R - 8 4 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 8 5 m i c r i t e 1") YR 8 / 2 m o t t l e d & s t r u c t u r e - b i o t b XRD-WR 
l e s s 
D i s s e m i n a t e d d e n d r i t e s o f i r o n d i s u l f i d e ( ? ) a n d i r r e g u l a r p a t c h e s o f s p a r . 
D P R - 8 6 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 8 8 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
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Disseminated microblebs and micropatches of iron disulfide (?). 
sandstone 10 YR 7/4 structureless 
slty ss 10 YR 7/4 mottled & struc-
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T a b l e 5 , L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k n n - . o r > s + r a t l f \ c * t * < m S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e " o l o r b . r a t m e a t x o n
 s t r u c t u r e s f e a t u r e s u s e s 
D P R - 9 0 p e l i n t r a - 1 0 YR 6 / 2 s t r u c t u r e l e s s XRD-WR 
s p a r i t e 
D P R - 9 7 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 9 9 c l a y s t o n e 5 Y 6 / 1 g r a d t h k d i s e v p l l , b i o t b , f i t XRD-WR 
d i s wvy p l l l a m & d i s 
m o t t l e d 
M i c r o d e n d r i t e s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e ( ? ) , 
D P R - 1 0 2 s l t y c l a y - 1 0 YR 8 / 2 s h p t h k - t h n d i s e v b i o t b , x l XRD-WR 
s t o n e p l l & d i s w v y p l l g w t h 
h o r l a m 
D P R - 1 0 8 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 1 0 9 s l t y c l a y - 1 0 YR 8 / 2 s h p t h k d i s e v p l l x l g w t h XRD-WR 
s t o n e h o r l a m 
D i s s e m i n a t e d m i c r o d e n d r i t e s o f o x i d i z e d i r o n d i s u l f i d e , 
D P R - 1 1 4 s l t y m a r l - 5 Y 7 / 2 s h p t h k w v y n p l l c o n t , f i t XRD-WR 
s t o n e l a m d i s , b i o t b 
S i l t y l a m i n a e i n t e r l a m i n a t e d w i t h a n a l c i m i c l a m i n a e . P o o r l y d e v e l o p e d 
d e n d r i t e s o f i r o n d i s u l f i d e ( ? ) . 
D P R - 1 1 5 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 1 1 6 s i l t s t o n e 1 0 YR 8 / 2 s h p c v n p l l l a m c o n t , b i o t b c r s e g r a i n e d XRD-WR 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k r 0 i 0 r S t r a t i f i r a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C O j - o r b t r a t i l i c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
M i n o r d i s s e m i n a t e d m i c r o d e n d r i t e s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e ( ? ) . 
D P R - 1 2 1 c l y a l g i n - 5 Y 7 / 2 a l g l a m & m o t t l e d d r p t XRD-WR 
t r a s p a r i t e 
E i o c l a s t i c t e x t u r e w i t h c l a y c l a s t e . 
D P R - 1 2 7 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 1 2 8 m a r l s t o n e 5 Y 7 / 2 s t r u c t u r e l e s s x l g w t h XRD-WR 
A b u n d a n t d i s s e m i n a t e d i r o n d i s u l f i d e b l e b s , 
D P R - 1 2 9 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-WR 
D P R - 1 3 1 I w - m o d 5 Y 5 / 2 s h p t h k - v t h n d i s f i t d i s , c o n t , XRD-WR 
o i l s h a l e 5 Y 2 / 1 e v p l l & e v p l l
 d r p t x l g w t h 
5 YR 2 / 1 h o r l a m 
O i l s h a l e c o n f o r m s t o u n d u l a t i o n s o f u n d e r l y i n g s t r o m a t o l i t e h e a d s . N u m e r o u s 
b l e b s , s t r e a k s a n d s t r i n g e r s o f c a r b o n a t e ; m i n o r i r o n - d i s u l f i d e b l e b s , 
D P R - 1 3 2 a l g b i o 1 0 YR 8 / 2 a l g l a m XRD-V/R 
W e l l - d e v e l o p e d a l g a l h e a d s ( L L H - C m o r p h o l o g y ) . 
D P R - 1 3 3 s l t y d o l o - 1 0 YR 8 / 2 a l g l a m & s t r u c t u r e - d r p t XRD-WR 
m i c r i t e l e s s 
N u m e r o u s d i s s e m i n a t e d d e n d r i t e s o f i r o n - d i s u l f i d e ( b a d l y o x i d i z e d ) . 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k p 0 i 0 r S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C o ± o r b t r a t m c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
D P R - 1 3 5 s d y m a r l - 1 0 YR 6 / 6 s t r u c t u r e l e s s & t h k d r p t f n g r a i n e d XRD-WR 
s t o n e w v y p l l l a m 
N u m e r o u s 0 . 0 5 t o 0 . 2 mm d i a m e t e r a n a l c i m e m i c r o s p h e r u l e s . 
D P R - 1 4 0 a l g b i o 5 Y 7 / 2 a l g l a m f i t d i s XRD-WR 
D P R - 1 4 1 c l y m a r l - 5 Y 7 / 2 s h p t h k w v y p l l l a m I p ^ S , XRD-WR, 
s t o n e & d i s e v p l l & e v X R D - S 
p l l h o r l a m 
I r o n - d i s u l f i d e b l e b a n d p a t c h z o n e ( 2 mm t h i c k ) p a r a l l e l t o l a m i n a t i o n , 
D P R - 1 4 2 a l g b i o 1 0 YR 6 / 6 a l g l a m & s t r u c t u r e - XRD-WR 
l e s s 
N u m e r o u s a l g a l - t r a p p e d o s t r a c o d s a n d s p a r r y v u g f i l l i n g s , 
D P R - 1 4 3 m i c r c l a y - 1 0 YR 8 / 2 s h p t h k - t h n e v p l l , b i o t b XRD-WR 
s t o n e d i s e v p l l & w v y 
p l l l a m 
D P R - 1 4 6 s l t y m a r l - 5 Y 7 / 2 s t r u c t u r e l e s s b i o t b f n g r a i n e d XRD-WR 
s t o n e 
D P R - 1 4 8 s l t y m a r l - 5 Y 7 / 2 s h p t h k d i s e v p l l x l g w t h f n g r a i n e d 3 ^ S , XRD-WR, 
s t o n e h o r l a m & s t l s X R D - S 
D i s s e m i n a t e d i r o n - d i s u l f i d e s p h e r u l e s ( 1 t o 1 , 5 mm d i a m e t e r ) ; a l s o , m i c r o -
d e n d r i t e s . 
l   i  t s  sam les--Co tin  
l   l  Stratification   Sa l  er t e st ctures fe tures s s 
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Table 5. Lithologic descriptions of samples—Continued 
Sample Rock
 r - q+ra-JH f i rati on Secondary Accessory Sample 
number type C o l o r btratilication
 s t r u c t u r e s features uses 
DPR-1^-9 slty marl- 10 YR 6/2 grad thk dis ev pll xl gwth crse grained ^ S , XRD-S 
stone hor lam & dis wvy 
pll lam 
Abundant iron-disulfide shperules (0.5 to 1.5 mm diameter) and blebs. 
DPR-150 slty marl- 10 YR 6/2 structureless xl gwth crse grained XRD-WR, XRD-
stone S 
Numerous iron-disulfide spherules ( 1 . 5 "to 2.5 mm diameter) and blebs. 
DPR-151 alg intra- 10 YR l/k dis wvy pll lam & XRD-WR 
sparite 10 YR 6/6 alg lam 
Intraclasts are algal fragments and claystone clasts. Unit exhibits differen­
tial compaction. 
DPR-152 sandstone 10 YR 6/6 grad thk wvy pll fn grained XRD-WR 
lam & stls 
Texturally heterogeneous with irregular distribution of clay and carbonate 
clasts; possible paleosoil. 
DPR-154 alg pel- 10 YR ?A alg lam XRD-WR 
intraspr 
DPR-155 spy sand- 10 YR 1/2 grad thk dis wvy pll drpt v fn grained XRD-WR 
stone & wvy pll lam 
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Table 5. Lithologic descriptions of samples—Continued 
Sample Rock color Stratification Secondary Accessory Sample 
number "type
 L* structures features uses 
Iron-disulf ide patches ( 1 . 5 "to 2,0 mm diameter). 
DPR-158 mod oil 5 Y 3/2 shp thn-v thn ev pll Ip, fit dis, ^ S ,
 XRD-WR 
shale 5 Y 5/2 & dis ev pll nor lam xl gwth 
Iron-disulfide microblade, micropatch and microbleb are common? also, carbonate 
stringers, blebs and microblebs, 
DPR-160 In oil 10 YR k/2 shp thn-v thn ev pll, xl gwth , XRD-WR, 
shale 10 YR 2/2 dis ev pll hor lam & XRD-S 
dis wvy pll micro-
lam 
Iron-disulfide streaks composed of interlocking microblades; also, isolated 
microblades. 
DPR-161 In oil 5 Y 7/2 shp v thn ev pll xl gwth ^ S ,
 XRD-S 
shale 5 Y 5/2 hor lam 
Large sulfide pods ( 1 .5 to 2.0 cm in diameter) in boudinage arrangement. 
DPR-I63 lw oil 10 YR 4/2 shp thn-v thn ev pll fit dis, lp, ^ S , XRD-WR 
shale & dis ev pll hor lam xl gwth 
Disseminated iron-disulfide microblade and micropatches. 
DPR-I65 In oil 5 Y 5/2 shp thn-v thn ev pll lp, fit dis, XRD-V/R 
shale 5 Y 3/2 & dis ev pll hor lam xl gwth 
Iron-disulfide streaks composed of microblades; also, isolated microblades. 
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Table 5. Lithologic descriptions of samples—Cont5.nued 
Sample Rock min-r <Z+r*+\h'**+i*m Secondary Accessory Sample 
number type C o i o r btratilicacion
 s t r u c t u r e 3 features uses 
DPR-175 In oil 10 YR 4/2 shp v thn ev pll hor xl gwth XRD-WR, XRD-
shale 10 YR 2/2 lam S 
Salt casts on stratification planes and disseminated iron-disulfide microblades, 
DPR-178 Iw to mod 5 Y 3/2 shp thn-v thn ev pll lp, fit dis, 3^S, XRD-WR 
oil shale 5 Y 5/2 & dis ev pll hor lam xl gwth 
Disseminated microblades and micropatches of iron disulfide. 
DPR-184 marlstone 5 Y 7/2 grad thn dis ev pll lp, xl gwth XRD-WR 
5 Y 5/2 & ev pll hor lam 
Numerous disseminated microblades, composite microblades and micropatches 
(oxidized). 
34 
GM-4 marlstone, structureless xl gwth "* S, XRD-WR, 
claystone XRD-S 
Large 5.2 by 2.5 by 1.0 cm discoidal pyrite concretion taken from outcrop. 
Concretion very massive and homogeneous in texture. 
GM-5 Same description as GM-4 3^S, XRD-WR, 
XRD-S 
Large 10,0 by 3.5 by 12.0 cm discoidal pyrite concretion taken from outcrop. 
Concretion has crudely laminar, 1 to 2 mm thick discontinuous zones of sul­
fide (marcasite ?) with a metallic luster. 
a l  i l i s ri pl --Conti
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Table 5. Lithologic descriptions of samples—Continued 
Sample Rock
 e l Stratification A ^ f ° ^ S,™|£e number "type structures features uses 
IC-1 In to low 5 YR 2/1 shp v thn ev pll xl gwth 
oil shale 10 YR 2/2 hor lam 
Numerous bedded pyrite blebs in road cut at summit of Indian Canyon. 
IC-2 Same description as IC-1 J S 
MLW-36 In to low 10 YR 4/2 shp v thn ev pll lp, fit dis ^ S ,
 XRD-WR 
oil shale 5 YR 2/1 hor lam 
10 YR 2/2 
Common disseminated microblades and irregular microframboids of iron disulfide; 
also, minor sulfide streaks. 
MLW-40 v rich oil N 1 shp v thn dis ev xl gwth ^ S ,
 XRD-WR, 
shale pll hor lam XRD-S 
Abundant disseminated microblebs, microblades and microstreaks of iron disul­
fide . 
MLW-44 mod oil 10 YR 4/2 shp thn-v thn ev lp, fit dis XRD-WR 
shale 10 YR 2/2 pll hor lam 
Minor very thin iron-disulfide streaks. 
lw to mod 10 YR 6/2 shp thn-v thn ev ' 
oil shale 5 YR 5/2 & dis ev pll hor lam xl gwth XRD-S 
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Table 5. Lithologic descriptions of samples—Continued 
Sample Rock Qolor Stratification Secondary Accessory Sample 
number type V^J-V* ^ u i a u x i x v a o structures features uses 
Abundant iron-disulfide present as disseminated irregular microframboids, 
microblades and microblebs; large boudinage structures also present. 
MLW-48 mod to r 5 YR 2/1 shp-grad thn-v thn lp, fit dis, ^ S , XRD-WR, 
oil shale 5 Y 4 /1 ev pll hor lam xl gwth XRD-S 
Iron-disulfide streaks and disseminated microblebs, micropatches and micro-
framboids; also, disseminated microblebs of carbonate. 
MLW-49 In to low 10 YR 5/4 shp thk-v thn ev xl gwth, lp, ^ S , XRD-WR, 
oil shale 10 YR 4/2 pll & dis ev pll fit dis XRD-S 
10 YR 2/2 hor lam 
Iron-disulfide is common as boudinage structures and streaks. Minor disseminat­
ed patches blades and micropatches. 
MLW-53 mod oil 10 YR 4/2 shp-grad thn-v thn lp, fit dis, ^ S ,
 XRD-WR 
shale 10 YR 2/2 ev pll, wvy pll & xl gwth 
5 YR 3/2 dis ev pll hor lam 
Boudinage structure of analcime (?); minor disseminated micropatches of sulfide. 
MLW-64 r oil shale 5 YR 2/1 shp-grad thn-v thn lp XRD-WR, XRD-
10 YR 2/2 dis wvy pll, dis ev S 
pll & wvy pll hor 
lam 
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Table 5. Lithologic descriptions of samples—Continued 
Sample Rock
 r . l n r stratifin»«fcio« Secondary Accessory Sample 
number type o o l o r bxraxincaxion structures features uses 
MLW-6? r oil shale N 1 shp thk dis ev pll lp, xl gwth ^ S , XRD-WR, 
5 Y 2/1 hor lam XRD-S 
Abundant disseminated microframboids and microblebs. Streaks of plant fossils. 
MLW-71 r oil shale 5 Y 2/1 grad-shp thk-thn lp, fit dis, XRD-WR 
10 YR 2/1 ev pll & dis wvy xl gwth 
10 YR 2/2 pll hor lam 
Microblebs of iron-disulfide parallel to lamination. 
MLW-74 mod oil 5 YR 3/2 shp-grad thn-v thn lp, xl gwth ^ S , XRD-WR, 
shale 10 YR h/2 dis ev pll & ev pll XRD-S 
5 YR 2/1 hor lam 
Common iron-disulfide streads and patches; also, disseminated microblebs and 
micropatches. Several large streaks of plant material. 
MLW-75 r to v r 5 YR 2/1 grad thk-thn dis lp, xl gwth XRD-WR 
oil shale 10 YR 2/2 wvy pll & wvy pll 
10 YR 4/2 hor 1am 
N 1 
Iron disulfide streaks, microstreaks and microblebs. 
MLW-76 mod oil 5 YR 3/4 grad thk-thn dis lp, xl gwth XRD-WR 
shale 10 YR 2/2 ev pll hor lam 








a l  i l i s ri o l -- onti  
 
t  Color 
 i l  






I  l t




34S , -ItJ , 
R -S 
bundant e i t i r a oi icr l  t l t 1  
 i l   




I  1 i  
l t
icr bl i l rall l i at . 
o i
l
 /  
  4  
 




34S , - , 
-  
o  i l re   e i t icr l








 l  ll
r l
I  l t
i l rea  icr st icr bl s  
o i
l
 /  
   
i
l r a
er 3nor icr at ro i l  
I  l t
-  
Table 5. Lithologic descriptions of samples—Continued 
Sample Rock Stratification Secondary Accessory Sample 
number type OXO.OJ.-L J . M V X V « structures features uses 
MLW-85 mod to r 5 YR 3/2 shp thn-v thn dis xl gwth, lp ^ S , XRD-WR, 
oil shale 10 YR 4/2 wvy pll & dis ev XRD-S 
10 YR 2/2 pll hor lam 
Iron-disulfide streaks and common disseminated microstreaks and microblebs. 
MLW-86 lw oil 10 YR 4/2 s h P a n d Srad thk- lp, xl gwth 3^S, XRD-WR, 
shale 5 YR 3/4 v thn dis ev pll, XRD-S 
10 YR 2/2 ev pll & dis wvy 
pll hor lam 
Iron-disulfide blebs (2 to 3 mm diameter) and common disseminated microblebs. 
Partial oxidation rims around sulfides. 
MLW-91 lw oil 10 YR 4/2 shp-grad thn-v xl gwth, lp, ^ S , XRD-WR, 
shale 5 YR 3/4 thn dis ev pll, fit dis XRD-S 
10 YR 2/2 ev pll & wvy pll 
hor lam 
Iron-disulfide blebs (3 to 5 mm diameter) and streaks; also, disseminated 
microblebs and microstreaks. Oxidation rims around sulfides. 
MLW-95 mod oil 10 YR 2/2 shp thk-thn dis xl gwth, cont ^ S , XRD-WR, 
shale 5 YR 2/2 wvy pll & dis ev XRD-S 
N 1 pll hor lam 
Abundant iron-disulfide blebs and contorted streaks. Minor disseminated 
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T a b l e 5 . L i t h o l o g x c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k C o l o r S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
N u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
P - 2 5 - 1 s a n d s t o n e 1 0 YR 7 / 4 s t r u c t u r e l e s s f n g r a i n e d XRD-WR 
H e t e r o g e n e o u s , f r i a b l e a n d t u f f a c e o u s . 
P - 2 5 - 2 s l t y c l a y - 5 Y 6 / 1 s h p t h k d i s e v p l l f n g r a i n e d XRD-WR 
s t o n e h o r l a m 
P - 2 5 - 3 c l y s i l t - 1 0 YR 7 / 4 s t r u c t u r e l e s s XRD-WR 
s t o n e 
V e r y p o o r l y s o r t e d , h e t e r o g e n e o u s a n d t u f f a c e o u s ; m i n o r p l a n t f o s s i l s . 
P - 2 5 - 4 I n o i l 5 Y 4 / 1 s h p t h n d i s e v p l l x l g w t h XRD-WR 
s h a l e 1 0 YR 2 / 2 h o r l a m 
P l a n t f o s s i l s o n s t r a t i f i c a t i o n p l a n e s ; m i n o r p y r i t e m i c r o b l e b s . 
P - 2 5 - 8 c l a y s t o n e 5 Y 6 / 1 g r a d t h n d i s e v p l l x l g w t h XRD-WR 
h o r l a m 
P - 2 5 - 9 m o d o i l 1 0 YR 2 / 2 s h p t h n - v t h n e v l p , f i t d i s XRD-WR 
s h a l e 5 Y 4 / l p l l & d i s e v p l l 
h o r l a m 
M i n o r c a r b o n a t e m i c r o b l e b s . 
P - 2 5 - 1 0 m o d o i l 1 0 YR 2 / 2 s h p - g r a d t h k - t h n d i s l p XRD-WR 
s h a l e • 1 0 YR 4 / 2 e v p l l h o r l a m 
N 1 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
P - 2 5 - 1 1 r t o v r 5 YR Z/l g r a d t h k - t h n e v p l l l p , x l g w t h XRD-WR 
o i l s h a l e N 1 & d i s e v p l l h o r l a m 
D i s s e m i n a t e d m i c r o l e n s e s , m i c r o b l e b s o f i r o n d i s u l f i d e . 
P - 2 5 - 1 2 m o d o i l 1 0 YR 2 / 2 g r a d t h n d i s e v p l l l p , x l g w t h XRD-WR 
s h a l e h o r l a m 
P - 2 5 - 1 3 m a r l s t o n e 5 Y 6 / 1 g r a d t h k d i s e v p l l l p , f i t d i s XRD-WR 
h o r l a m 
P - 2 5 - 1 4 r o i l s h a l e 5 YR 2 / l g r a d t h k - t h n d i s e v l p ^ s , XRD-WR, 
1 0 YR 2 / 2 p l l & e v p l l h o r l a m X R D - S 
N 1 
A b u n d a n t d i s s e m i n a t e d m i c r o b l e b s o f i r o n d i s u l f i d e . 
P - 2 5 - 1 5 m o d o i l 5 YR 3 / 2 s h p t h n d i s w v y p l l x l g w t h XRD-WR 
s h a l e 5 YR j/k & d i s e v p l l h o r l a m 
1 0 YR 2 / 2 
N u m e r o u s c a r b o n a t e l e n s e s a n d b l e b s , 
P - 2 5 - 1 6 I n o i l 1 0 YR 6 / 2 s h p t h n - v t h n e v l p XRD-WR 
s h a l e 1 0 YR 7 A p l l & d i s p l l 
h o r l a m 
P - 2 5 - 1 7 m o d t o - r 1 0 YR 2 / 2 s h p t h k - t h n d i s e v f i t d i s , x l XRD-WR 
o i l s h a l e 5 YR 2 / 1 p l l , e v o i l & w v y g w t h 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k r 0 W S + r a - H f i e a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e G o l o r ^ r a t i f i c a t i o n s t r u c t u r e s f e a t u r e s u s e s 
P - 2 5 - 1 3 l w o i l 5 Y 4 / 1 s h P t h n - v t h n e v f i t d i s , XRD-WR 
s h a l e 5 Y 6 / 1 p l l & d i s e v p l l x l g w t h 
1 0 YR 4 / 2 h o r l a m 
A b u n d a n t m i c r o b l e b s , m i c r o p a t c h e s a n d m i c r o b l a d e s o f i r o n d i s u l f i d e i n 
b l e a c h e d l a m i n a e . 
P - 2 5 - 1 9 mod o i l 1 0 YR 4 / 2 s h p t h k - t h n e v f i t d i s , XRD-WR 
s h a l e 1 0 YR 2 / 2 p l l & d i s e v p l l x l g w t h 
h o r l a m 
A b u n d a n t s t r e a k s o f i r o n d i s u l f i d e c o m p o s e d o f m i c r o b l e b s a n d m i c r o b l a d e s ? 
a l s o , d i s s e m i n a t e d m i c r o b l e b s a n d m i c r o p a t c h e s . 
P - 2 5 - 2 0 l w t o m o d 5 Y 3 / 2 g r a d t h k - t h n d i s x l g w t h XRD-WR 
o i l s h a l e 1 0 YR 4 / 2 e v p l l & e v p l l 
h o r l a m 
A b u n d a n t i r o n - d i s u l f i d e m i c r o b l a d e s a n d c o m p o s i t e m i c r o b l a d e s t r a n s v e r s e t o 
l a m i n a t i o n j a l s o , d i s s e m i n a t e d m i c r o p a t c h e s a n d m i c r o b l a d e s o f s a l i n e m i n ­
e r a l ( ? ) . 
R B C - 1 s i l t s t o n e 1 0 YR 7 / 4 s t r u c t u r e l e s s x l g w t h md g r a i n e d ^ S , XRD-WR, 
XRD-S 
N u m e r o u s i r o n - d i s u l f i d e b l e b s u p t o 0 , 5 cm i n d i a m e t e r ; a l s o , p l a n t f o s s i l s . 
R B C - 2 s d y s i l t - 1 0 YR ? / 4 s t r u c t u r e l e s s x l g w t h , c r s e g r a i n e d J S , XRD-WR, 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 c ^ S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
N u m e r o u s c o n c r e t i o n s u p t o 5 cm i n d i a m e t e r c o m p o s e d o f p y r i t e - c e m e n t e d 
s a n d s t o n e ? a l s o , p l a n t f o s s i l s , 
R E C - 3 s a n d s t o n e 1 0 YR s t r u c t u r e l e s s x l g w t h , f n g r a i n e d v S , XRD-WR, 
c o n t XRD-S 
N u m e r o u s 0 , 5 t o 1 , 5 cm d i a m e t e r p y r i t e b l e b s d i s s e m i n a t e d i r r e g u l a r l y t h r o u g h 
u n i t i f o u r s e p a r a t e b l e b s i s o l a t e d f r o m z o n e , 
R B C - 4 s d y s i l t - 5 Y 7 / 2 g r a d t h k d i s e v p l l x l g w t h md g r a i n e d XRD-WR, X R B -
s t o n e h o r l a m S 
I r o n - d i s u l f i d e - c e m e n t e d z o n e s ( u p t o 1 cm i n d i a m e t e r ) . S i l t s t o n e i s v e r y 
t u f f a c e o u s . 
R F C - 5 s l t y s a n d - 5 Y 7 / 2 s t r u c t u r e l e s s x l g w t h md g r a i n e d XRD-WR, XRD-
s t o n e S 
D i s c o i d a l i r o n - d i s u l f i d e b l e b s a r e c o m m o n , b u t b a d l y o x i d i z e d . 
R E C - 6 s a n d s t o n e 5 Y 7 / 2 s h p t h k e v p l l h o r s i g w t h md g r a i n e d XRD-WR, XRD-
l a m S 
N u m e r o u s i r o n - d i s u l f i d e r i m s a r o u n d c a v i t i e s ( 1 t o 2 cm d i a m e t e r ) ; b a d l y 
o x i d i z e d . 
R E C - 7 S a m e d e s c r i p t i o n a s R B C - 6 XRD-WR, X R D -
s 
R E C - 8 s a n d s t o n e 5 Y 7 / 2 s h p t h k e v p l l h o r x l g w t h f n g r a i n e d XRD-S ° 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 r n l n r q ' + * * + m e » + i « n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e o o l o r - x r a x i i i c a x i o n s t r u c t u r e s f e a t u r e s u s e s 
N u m e r o u s i r o n - d i s u l f i d e b l e b s ( 0 . 5 t o 1 . 0 cm d i a m e t e r ) ; b a d l y o x i d i z e d . 
R E C - 9 S a m e d e s c r i p t i o n a s R B C - 8 XRD-WR 
R B C - 1 0 s d y s i l t - 1 0 YR f/k s t r u c t u r e l e s s c r s e g r a i n e d XRD-WR 
s t o n e 
A b u n d a n t p l a n t f o s s i l s . 
am 
M i n o r i r o n - d i s u l f i d e b l e b s . 
R B C - 1 1 s i l t s t o n e 5 Y 7 / 2 s h p t h k d i s e v p l l x l g w t h c r s e g r a i n e d j S , X R D - S 
h o r l
R B C - 1 2 s d y s i l t - 5 Y 7 / 2 s t r u c t u r e l e s s c r s e g r a i n e d ^ S , XRD-WR, 
s t o n e XRD-S 
S i l t s t o n e i s h e t e r o g e n e o u s w i t h c l a y s t o n e c i a s t s a n d p l a n t f o s s i l s . N u m e r o u s 
i r r e g u l a r p a t c h e s ( u p t o 2 cm i n d i a m e t e r ) o f i r o n d i s u l f i d e . 
R B C - 1 3 c l y s i l t - 1 0 YR ?/U s t r u c t u r e l e s s x l g w t h md g r a i n e d S f XRD-WR, 
s t o n e XRD-S 
Z o n e o f b o n e f r a g m e n t s r e p l a c e d b y i r o n d i s u l f i d e . F r a g m e n t s a r e u p t o k cm 
l o n g , 
R B C - 1 5 s a n d s t o n e 1 0 YR 7 A ' s t r u c t u r e l e s s x l g w t h md g r a i n e d XRD-S 
M i n o r d i s s e m i n a t e d i r o n - d i s u l f i d e p a t c h e s a n d b l e b s ( 1 t o 5 mm d i a m e t e r ) ; b a d l y 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
R B C - 1 6 S a m e d e s c r i p t i o n a s R B C - 1 5 XRD-S 
R B C - 1 7 S a m e d e s c r i p t i o n a s R B C - 1 5 XRD-S 
R B C - 1 8 s d y s i l t - 5 Y 7 / 2 g r a d t h k d i s w v y p l l x l g w t h c r s e g r a i n e d XRD-WR, XRD-
s t o n e h o r l a m S 
A b u n d a n t p l a n t f o s s i l s a n d v e r y t u f f a c e o u s . M i n o r i r o n - d i s u l f i d e d i s c o i d a l 
b l e b s ( 1 b y 1 5 m m ) . 
R B C - 1 9 S a m e d e s c r i p t i o n a s R B C - 1 8 X R D - S 
R E C - 2 0 s a n d s t o n e 1 0 YR 7 / 4 s h p t h k c v p l l g r a d - x l g w t h md g r a i n e d X R D - S 
e d l a m 
N u m e r o u s s m a l l b l e b s ( 1 t o 5 mm d i a m e t e r ) o f i r o n d i s u l f i d e . O u t c r o p i s a 
c r o s s - s t r a t i f i e d u n i t . 
R B C - 2 1 s a n d s t o n e 1 0 YR 6 / 2 g r a d t h k e v p l l h o r f n g r a i n e d XRD-WR 
1 0 YR 7 A l a m 
R B C - 2 2 S a m p l e i s a n i r o n - d i s u l f i d e b l e b ( 5 b y 7 b y 1 2 mm) c o l l e c t e d f r o m f l o a t n e a r 
t h e t o p o f t h e m e a s u r e d s e c t i o n , t r a n s p o r t a t i o n d i s t a n c e p r o b a b l y a b o u t 5 m . 
3^S, X R D - S 
R B C - 2 3 I r o n - d i s u l f i d e - c e m e n t e d s a n d s t o n e c o n c r e t i o n ( 2 b y 2 . 5 b y 5 c m ) c o l l e c t e d 
f r o m f l o a t n e a r t o p o f s e c t i o n , t r a n s p o r t a t i o n d i s t a n c e l e s s t h a n 3 ro. S a m p l e 
i s b a d l y o x i d i z e d . 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e ^ J - ^ s t r u c t u r e s f e a t u r e s u s e s 
R E C - 2 4 s a n d s t o n e 1 0 YR 6 / 2 g r a d t h k e v p l l h o r f n g r a i n e d XRD-WR, XRD-
l a m S 
M i n o r i r o n - d i s u l f i d e s t r e a k s u p t o 1 5 cm l o n g ? b a d l y o x i d i z e d . 
R E P - 5 7 m o d o i l 1 0 YR 4 / 2 s h p t h n - v t h n e v p l l l p , f i t d i s , ^ S , XRD-WR 
s h a l e 1 0 YR 2 / 2 h o r l a m x l g w t h 
1 0 YR 6 / 2 
I r o n - d i s u l f i d e l e n s e s a n d s t r e a k s , a n d m i n o r d i s s e m i n a t e d m i c r o b l e b s a n d 
m i c r o b l a d e s . 
R E P - 6 1 mod o i l 1 0 YR 4 / 2 s h p t h n - v t h n e v p l l x l g w t h XRD-WR 
s h a l e 5 YR 2 / 2 & d i s e v p l l h o r l a m 
5 Y 4 / 1 
M i n o r i r o n - d i s u l f i d e m i c r o b l a d e s a n d m i c r o b l e b s . 
R B P - 6 5 I w t o m o d 1 0 YR 4 / 2 s h p - g r a d t h k - v t h n x l g w t h XRD-WR 
o i l s h a l e 1 0 YR 2 / 2 e v p l l & d i s e v 
N I p l l h o r l a m 
E l e a c h e d . l a m i n a e h a v e d i s s e m i n a t e d i r o n - d i s u l f i d e m i c r o p a t c h e s a n d m i c r o b l a d e s . 
R E P - 7 3 m o d t o r 5 YR 2 / 1 g r a d t h k - t h n d i s e v l p 3 4 S , XRD-WR, 
o i l s h a l e 1 0 YR 2 / 2 p l l & e v p l l h o r l a m X R D - S 
A b u n d a n t d i s s e m i n a t e d m i c r o b l a d e s , m i c r o b l e b s a n d m i c r o p a t c h e s o f i r o n 
d i s u l f i d e , 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k r n w S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e u o l o r b x r a x i x i c a x i o n s t r u c t u r e s f e a t u r e s u s e s 
R B P - 8 4 r o i l s h a l e 5 YR 2 / 1 g r a d t h k d i s e v p l l l p ^ - S , XRD-WR, 
& e v p l l h o r l a m XRD-S 
A b u n d a n t d i s s e m i n a t e d m i c r o b l e b s a n d m i c r o b l a d e s o f i r o n d i s u l f i d e . 
R B P - 8 8 I n o i l 1 0 YR 6 / 2 g r a d t h k d i s w v y x l g w t h ^ S , X R D - S 
s h a l e p l l l a m 
H i g h l y t u f f a c e o u s . S e v e r a l 5 b y 1 5 mm i r o n - d i s u l f i d e b l e b s . 
R B P - 8 9 mod o i l 5 Y 4 / 1 s h p - g r a d t h n - v t h n x l g w t h , l p ^ S t X R D - S 
s h a l e 5 YR 2 / l d i s e v p l l & e v r i l l 
5 Y 5 / 2 h o r l a m 
L a r g e i r o n - d i s u l f i d e s e m i - b o u d i n a g e b l e b ( 1 . 5 b y 0 . 5 c m ) ; a l s o , a b u n d a n t 
d i s s e m i n a t e d m i r o b l e b s a n d m i c r o b l a d e s o f s u l f i d e i n b l e a c h e d l a m i n a e . 
R B P - 9 0 mod o i l 5 Y k/l s h p t h n - v t h n d i s c o n t , x l XRD-WR 
s h a l e 5 Y 2 / 1 w v y p l l & d i s e v g w t h 
p l l l a m 
H i g h l y c o n t o r t e d . A b u n d a n t l e n s e s , b l e b s a n d s t r e a k s o f i r o n d i s u l f i d e . 
R B P - 9 1 mod t o r 5 YR 2 / 1 g r a d - s h p t h k - t h n e v l p , x l g w t h ^ S ,
 X R D - W R , 
o i l s h a l e 1 0 YR 2 / 2 p l l & d i s e v p l l h o r XRD-S 
5 Y 5 / 2 l a m 
I r o n - d i s u l f i d e s t r e a k s , s t r i n g e r s a n d l e n s e s a r e c o m m o n , 
R B P - 9 4 I n t o I w 5 Y 4 / 1 g r a d t h k d i s w v y x l g w t h 3 ^ S , XRD-WR, g 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 P o 1 o r s t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e C o l o r S t r a t i f i c a t i o n
 s t r u c t u r e s f e a t u r e s u s e s 
H i g h l y t u f f a c e o u s w i t h l a r g e i r o n - d i s u l f i d e b o u d i n a g e s t r u c t u r e s . 
R B P * 9 5 mod o i l 5 Y h/1 s h p - g r a d t h n - v t h n x l g w t h ^ S , XRD-WR. 
s h a l e 1 0 YR 2 / 2 d i s e v p l l & e v XRD-S 
p l l h o r l a m 
L a r g e i n t e r l a m i n a t e d i r o n - d i s u l f i d e s e m i - b o u d i n a g e p o d s ( 0 . 5 b y 2 c m ) ; a l s o , 
s u l f i d e s t r e a k s a n d m i c r o b l a d e s a n d m i c r o p a t c h e s i n b l e a c h e d l a m i n a e . 
R B P - 1 2 0 mod o i l 5 Y k/l g r a d t h k - t h n d i s e v l p , x l g w t h ^ S , XRD-WR 
s h a l e 1 0 YR 2 / 2 p l l h o r l a m 
A b u n d a n t d i s s e m i n a t e d m i c r o b l a d e s , m i c r o p a t c h e s a n d m i c r o b l e b s o f i r o n d i s u l ­
f i d e , L a m i n a e w i t h s u l f i d e s a r e b l e a c h e d . 
R B P - 1 2 1 r o i l s h a l e 5 YR 2 / 1 g r a d t h k d i s e v p l l x l g w t h ^ S , XRD-WR 
1 0 YR 2 / 2 h o r l a m 
D i s s e m i n a t e d m i c r o b l a d e s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e . 
R B P - 1 2 5 r o i l s h a l e 5 YR 2 / 1 g r a d t h k d i s e v p l l l p , x l g w t h ^ S , XRD-WR, 
5 Y 3 / 2 & e v p l l h o r l a m XRD-S 
D i s s e m i n a t e d m i c r o b l a d e s , m i c r o p a t c h e s a n d m i c r o s t r e a k s o f i r o n d i s u l f i d e a r e 
c o m m o n . 
R B P - 1 2 6 v r o i l N 1 g r a d t h n d i s e v p l l x l g w t h ^ S , XRD-WR, 
s h a l e h o r l a m ( ? ) X R D - S 
A b u n d a n t m i c r o s t r e a k s , m i c r o p a t c h e s a n d m i c r o b l a d e s o f i r o n d i s u l f i d e . 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k m i n-r
 q + r j , ^ f * r - + « f t v , S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e 0 0 1 0 1 b t r a x i i i c a x i o n s t r u c t u r e s f e a t u r e s u s e s 
R B F - 1 2 8 v r o i l H 1 g r a d t h k - t h n d i s e v x l g w t h ^ S , XRD-WR, 
s h a l e p l l h o r l a m XRD-S 
V e r y a b u n d a n t d i s s e m i n a t e d m i c r o b l a d e s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e . 
R E P - 1 2 9 v r o i l N 1 g r a d t h k - t h n d i s x l g w t h ^ S , XRD-WR, 
s h a l e e v p l l h o r l a m XRD-S 
V e r y a b u n d a n t d i s s e m i n a t e d m i c r o b l a d e s a n d m i c r o p a t c h e s o f i r o n d i s u l f i d e . 
R B P - 1 4 2 m o d t o r 1C YR 2 / 2 g r a d - s h p t h n - v t h n l p , x l g w t h ^ S , X R D - S 
o i l s h a l e 5 YR 2 / 1 d i s e v p l l & e v p l l f i t d i s 
h o r l a m 
I r r e g u l a r 1 t o 2 mm t h i c k i r o n - d i s u l f i d e l a m i n a e p a r a l l e l t o s t r a t i f i c a t i o n . 
R B P - 1 ^ 3 mod o i l 1 0 YR 2 / 2 g r a d t h n d i s e v l p , x l g w t h , ^ S , XRD-WR, 
s h a l e p l l & d i s w v y p l l c o n t XRD-S 
l a m 
D i s s e m i n a t e d m i c r o b l e b s a n d m i c r o p a t c h e s . 
R B P - 1 4 4 r o i l s h a l e 5 YR 2 / 1 s h p - g r a d t h k - t h n d i s l p , x l g w t h ^ S , XRD-WR, 
N 1 e v p l l & e v p l l h o r XRD-S 
l a m 
D i s s e m i n a t e d m i c r o b l e b s a n d m i c r o l e n s e s . 
R B P - 1 5 6 mod o i l 5 Y 2 / 1 g r a d - s h p t h n e v p l l c e n t , x l ^ S , XRD-WR, 
s h a l e 1 0 YR 2 / 2 & d i s e v p l l h o r g w t h , l p X R D - S 
N 2 l a m 
  i l i  i ti s  sa -- continue
l   Color Stratification y ccess y  er t  st ct res f t res s s 
P   o  N      t  )4S , D-
 H   RD-
 t  rnicrobl es     disulfj .
  o  
l  
    
 H   
  )4s , 
 
 t  i l es  i tc es   disulfide
EP-  nl   -
i  l  
0  
 /  
s h    I   t  
      I  ti
- 4) 
 la
l      i lfi e a i e ll   
  
l  
   ~~   
l      
 
 i l s  cr .
  , 
 
EP-       
 
     t  
 l    ll  
P  
 
t  i s  .
  
l  
   
  
 
s     
   l  I' 
la
o t,  







)4S , - R
RD - '" '" 
'" 
T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 r n l n r q + r a t i f i r a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e ^ o i o r b x r a t i i i c a x i o n s t r u c t u r e s f e a t u r e s u s e s 
D i s s e m i n a t e d m i c r o b l e b s o f i r o n d i s u l f i d e , 
W O S - 1 I n t o l w 1 0 YR 6 / 2 s h p t h n - v t h n e v p l l l p , x l g w t h 5 . 5 g p t ^ S f XRD-WR, 
o i l s h a l e U YR 4 / 2 h o r l a m XRD-S 
I r o n - d i s u l f i d e b l e b s a n d s t r e a k s p a r a l l e l t o s t r a t i f i c a t i o n a r e c o m m o n ; s u l f i d e 
a l s o f o r m s c o r e o f s o m e l o o p s t r a u c t u r e s , 
W C S - 2 mod o i l 1 0 YR 6 / 2 s h p t h n e v p l l & l p , x l g w t h 1 1 . 7 g p t "^S, XRD-WR, 
s h a l e 1 0 YR $/k d i s e v p l l h o r l a m XRD-S 
I r o n - d i s u l f i d e d i s s e m i n a t e d a r o u n d m a r g i n o f m a s s i v e p o d o f u n k n o w n m i n e r a l . 
W 0 S - 3 S a m e d e s c r i p t i o n a s WOS-2 3 ^ S , XRD-WR, 
XRD-S 
W C S - 4 mod o i l 5 YR 5 / 2 g r a d t h k - v t h n d i s x l g w t h , 8 . 2 g p t ^ S , XRD-WR, 
s h a l e e v p l l & e v p l l h o r l p X R D - S 
l a m 
S h o r t i t e n o d u l e s c o m m o n . S u l f i d e o c c u r s a s s t r e a k s . 
W 0 S - 5 l w t o m o d 5 YR 3 A g r a d t h k - v t h n d i s x l g w t h , 8 . 2 g p t ^ S , XRD-WR, 
o i l s h a l e e v p l l & e v p l l h o r l p X R D - S 
l a m 
B l e b s a n d s t r e a k s o f i r o n d i s u l f i d e a r e c o m m o n ; a l s o m i n o r d i s s e m i n a t e d m i c r o -








l   l i  i i   samples--Continu.  
 
t e Color Stratification 
 i l s   disulfid .
ry 
str ct res 
         l     
  lJ    
y 




34S D- R ,  
-
i lfi     l  ti   sulfide




  5/4 
   l   
  l    
I     t 34S, D- l'iR
- is lfi      ssi     .
  
l  
 ti o   '1105  J4s , RD - , 
-  
      
 l    l   
 
 t , 
 
. 2 t 34S, D- R
HD -
ti  l  l    strea .
  
 S  
 /4     




 t 34S - R , 
   
  . 
  l      icro -
ti  l   ff Le  pr se .
T a b l e 5 , L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 ± S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
WOS-6 S a m e d e s c r i p t i o n a s W O S - 5 ^ S , XRD-WR, 
X R D - S 
W C S - 7 l w t o m o d 5 Y 4 / 1 s p h t h n - v t h n e v x l g w t h 1 4 . 3 g p t 5 S , XRD-WR, 
o i l s h a l e p l l & d i s e v p l l XRD-S 
h o r l a m 
I r o n - d i s u l f i d e b a n d ( 2 mm t h i c k ) a s s o c i a t e d w i t h o i l - s a t u r a t e d t u f f ( 3 mm t h i c k ) ? 
o t h e r s u l f i d e o c c u r s a s s t r e a k s a n d d i s s e m i n a t e d b l e b s a n d m i c r o b l e b s . 
W O S - 8 mod o i l 1 0 YR 2 / 2 g r a d t h k - t h n d i s l p , f i t 1 3 . 9 g p t ^ S , XRD-WR, 
s h a l e e v p l l h o r l a m d i s , x l X R D - S 
g w t h 
B o u d i n a g e i r o n d i s u l f i d e a n d t u f f i n t e r b e d s j a l s o , i s o l a t e d s u l f i d e m i c r o b l e b s . 
W C S - 9 mod t o r 5 YR 3/2 s h p - g r a d t h n - v t h n l p , x l g w t h 1 2 . 4 g p t ^ S , XRD-WR, 
o i l s h a l e e v p l l & d i s e v XRD-S 
p l l h o r l a m 
I r o n - d i s u l f i d e s t r e a k s a n d b o u d i n a g e s t r u c t u r e s a r e c o m m o n . 
W 0 S - 1 0 I n o i l s h a l e , 1 0 Y 4 / 2 g r a d t h n e v p l l f i t d i s , 2 . 7 g p t ^ S , XRD-WR, 
s l t y c l a y - 5 Y 3 / 2 & d i s e v p l l h o r x l g w t h XRD-S 
s t o n e l a m 
W 0 S - 1 1 l w o i l s h a l e 5 Y 4 / 1 s h p t h n - v t h n e v x l g w t h , 4 . 2 g p t ^ S , XRD-WR, 
5 Y 6 / 1 p l l h o r l a m l p X R D - S 
I r o n - d i s u l f i d e b l e b s , s t r e a k s ( 2 mm t h i c k ) a n d s t r i n g e r s ; m i n o r t u f f . & 
l  
rr: r 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 r f l l n _ n + r . + . f i r a + : n r i S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e c o l o r b t r a x x i i c a x i o n s t r u c t u r e s f e a t u r e s u s e s 
V 'OS-12 l w t o mod 5 Y 4 / 1 g r a d t h k - t h n d i s e v s i g w t h 6 . 4 g p t ^ S , XRD-WR, 
o i l s h a l e p l l h o r l a m X R D - S 
I r o n - d i s u l f i d e b a n d ( 3 mm t h i c k ) a s s o c i a t e d w i t h d i s c o n t i n u o u s o i l - s a t u r a t e d 
t u f f ( 7 mm t h i c k ) ; a l s o , s t r e a k s a n d d i s s e m i n a t e d m i c r o b l e b s o f s u l f i d e . 
W O S - 1 3 S a m e d e s c r i p t i o n a s W O S - 1 2 ^ S , XRD-WR, 
X R D - S 
W C S - 1 4 I n o i l 5 Y 6 / 1 s h p t h n - v t h n e v x l g w t h 1 . 7 g p t ^ S , XRD-WR, 
s h a l e p l l h o r l a m & X R D - S 
s t r u c t u r e l e s s 
N u m e r o u s d i s s e m i n a t e d b l e b s , p a t c h e s a n d b l a d e s o f i r o n d i s u l f i d e ; m i n o r v e i n -
l e t s . 
W O S - 1 5 mod o i l 1 0 YR 4 / 2 g r a d t h k d i s e v p l l 7 . 4 g p t 3 ^ S , XRD-WR, 
s h a l e 1 0 YR 2 / 2 h o r l a m & s t l s XRD-S 
M i n o r i r o n - d i s u l f i d e s t r e a k s a n d t u f f l a m i n a a n d b e d s , 
W C S - 1 6 l w t o mod 5 Y 4 / l g r a d t h k - t h n d i s x l g w t h 5 . 1 g p t ^ S , XRD-WR, 
o i l s h a l e e v p l l & e v p l l XRD-S 
h o r l a m 
I r o n - d i s u l f i d e b o u d i n a g e s t r u c t u r e s ( 3 b y 2 5 mm) a n d s t r e a k s . 
W 0 S - 1 7 l w t o mod 1 0 YR 6 / 2 g r a d t h n d i s e v p l l l p , x l 5 . 1 g p t ^ S , XRD-WR, 
o i l s h a l e 1 0 YR 5 / 4 h o r l a m & s t l s g w t h X R D - S 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k .
 ± S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
n u m b e r t y p e s t r u c t u r e s f e a t u r e s u s e s 
W O S - 1 8 mod o i l <5 Y 4 / 1 g r a d t h n - v t h n e v x l g w t h 1 2 . 7 g p t ^ S , XRD-WR, 
s h a l e 5 YR 3 / 2 p l l h o r l a m XRD-S 
I r o n - d i s u l f i d e b l e b s ( 1 . 5 b y 2 . 0 m m ) , s t r e a k s a n d b o u d i n a g e s t r u c t u r e s . 
W 0 S - 1 9 mod t o r 5 Y 4 / 1 s h p t h k - t h n e v p l l l p , x l 1 7 . 8 g p t ^ S ,
 X R D - W R , 
o i l s h a l e 1 0 YR 4 / 2 & d i s e v p l l h o r g w t h X R D - S 
l a m 
I r o n - d i s u l f i d e b o u d i n a g e s t r u c t u r e ( 2 b y 2 b y 2 . 5 c m ) a r e c o m m o n ; d i s s e m i n a t e d 
b l a d e s a n d s t r e a k s m i n o r . P l a n t f o s s i l s o n b e d d i n g p l a n e s . L a m i n a t i o n p o o r l y 
d e f i n e d i n s u l f i d e z o n e s . 
•a ji 
W O S - 2 0 I n t o l w 5 Y 6 / 1 g r a d t h k - v t h n e v x l g w t h , 5 . 3 g p t J S , XRD-WR, 
o i l s h a l e 5 Y 4 / 1 p l l h o r l a m f i t d i s ' XRD-S 
L a m i n a o f i r o n d i s u l f i d e ( 2 t o 3 mm t h i c k ) a t b a s e o f o i l - i m p r e g n a t e d t u f f 
( 1 2 t o 1 3 mm t h i c k ) l a y e r ; a l s o , d i s s e m i n a t e d i r o n - d i s u l f i d e b l a d e s v e i n l e t s 
a n d s t r e a k s . I n t e r b e d d e d p l a n t f o s s i l s c o m m o n . 
W 0 S - 2 I I n t o l w 5 Y 5A g r a d t h n d i s e v p l l 5 . 3 g p t ^ S , XRD-WR, 
o i l s h a l e & e v p l l h o r l a m XRD-S 
L a m i n a o f i r o n d i s u l f i d e ( 7 t o 9 mm t h i c k ) w i t h v e r y s h a r p c o n t a c t s i s p r e s e n t . 
W O S - 2 2 mod o i l 1 0 YR 2 / 2 s h p - g r a d t h n - v t h n l p 1 2 . 5 g p t 3 ^ S , XRD-WR, 
s h a l e 1 0 YR 4 / 2 e v p l l h o r l a m X R D - S 
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T a b l e 5 . L i t h o l o g i c d e s c r i p t i o n s o f s a m p l e s — C o n t i n u e d 
S a m p l e R o c k
 x S t r a t i f i c a t i o n S e c o n d a r y A c c e s s o r y S a m p l e 
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APPENDIX 3 
LABORATORY PROCEDURE AND 
X - R A Y - D I F F R A C T I O N AND ISOTOPE DATA 
T h e p u r p o s e o f t h i s a p p e n d i x i s t o s u m m a r i z e t h e l a b ­
o r a t o r y t e c h n i q u e s u s e d i n o b t a i n i n g t h e X - r a y - d i f f r a c t i o n 
a n d s u l f u r - i s o t o p e d a t a . T a b l e 7 l i s t s X - r a y d a t a f o r 
w h o l e - r o c k (XRD-WR) s a m p l e s . T a b l e 8 s u m m a r i z e s t h e X - r a y -
d i f f r a c t i o n d a t a o n s u l f i d e s ( X R D - S ) a n d t h e s u l f u r - i s o t o p e 
v a l u e s . 
X - R a y D i f f r a c t i o n 
L a b o r a t o r y p r e p a r a t i o n 
T h e s a m p l e s a n a l y z e d b y X - r a y d i f f r a c t i o n a r e o f t w o 
t y p e s , v / h o l e - r o c k s a m p l e s , a n d i s o l a t e d i r o n - s u l f i d e b o d i e s 
( p y r i t e , m a r c a s i t e a n d p y r r h o t i t e ) , 
P r i o r t o X - r a y a n a l y s i s , t h e v / h o l e - r o c k s a m p l e s w e r e 
c l e a n e d t o r e m o v e a n y w e a t h e r e d p o r t i o n s o f t h e s a m p l e . 
N e x t , t h e y w e r e c r u s h e d i n a j a w c r u s h e r o r a n i r o n m o r t a r , 
a n d s i e v e d t h r o u g h a 3 2 5 m e s h s c r e e n . C a r e w a s t a k e n t o 
i n s u r e t h a t t h e s i e v e d s a m p l e w a s r e p r e s e n t a t i v e o f t h e 
e n t i r e s a m p l e . T h e X - r a y a n a l y s i s w a s d o n e o n a l o o s e p o w d 
p a c k o f t h e - 3 2 5 m e s h f r a c t i o n , 
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T h e i r o n - s u l f i d e s a m p l e s a r e o f t w o t y p e s s 1 ) l a r g e 
s t r e a k s , p o d s , b o u d i n a g e s t r u c t u r e s a n d c o n c r e t i o n s ? a n d 
2 ) d i s s e m i n a t e d , m e g a s c o p i c a n d m i c r o s c o p i c b l e b s , p a t c h e s , 
f r a m b o i d s a n d b l a d e s . T h e l a r g e r s u l f i d e s w e r e e x t r a c t e d 
f r o m t h e h o s t r o c k b y c h i p p i n g a r o u n d t h e s u l f i d e b o d y 
u n t i l i t c a m e f r e e . A d h e r i n g h o s t r o c k w a s r e m o v e d f r o m 
t h e s u l f i d e b y e i t h e r m e c h a n i c a l m e a n s o r b y h e a v y l i q u i d 
t r e a t m e n t . S m a l l b l e b s , p o d s , s t r e a k s , s t r i n g e r s a n d m i c r o -
b o d i e s o f s u l f i d e w e r e i s o l a t e d b y h e a v y l i q u i d t e c h n i q u e s 
u s i n g 1 , 1 , 2 , 2 t e r t a b r o m e t h a n e ( s p e c i f i c g r a v i t y o f 2 . 9 6 ) . 
T h e i s o l a t e d s u l f i d e s w e r e c r u s h e d i n a c e r a m i c m o r t a r t o 
a b o u t 2 0 0 m e s h , b u t w e r e n o t s i e v e d . T h e c r u s h e d s a m p l e 
w a s m i x e d w i t h a c e t o n e a n d s m e a r e d o n a g l a s s s l i d e . T h e 
g l a s s m o u n t w a s p l a c e d i n t h e d i f f r a c t o m e t e r . 
X - r a y - d i f f r a c t i o n a n a l y s i s 
T h e X - r a y d i f f r a c t i o n u n i t u s e d i n t h i s s t u d y i s a 
P h i l l i p s d i f f r a c t i o n u n i t . F o r b o t h t h e w h o l e - r o c k a n d 
t h e s u l f i d e s a m p l e s , t h e d i f f r a c t o m e t e r w a s o p e r a t e d a t 
4 0 K v , 2 0 M a , r a n g e o f 1 K, t i m e c o n s t a n t o f 2 , a n d a 
s c i n t i l l a t i o n v o / . t a g e o f 0 . 6 9 0 . T h e d i f f r a c t e d C u K a , r a d i a -
t i o n w a s f i l t e r e d b y a d i f f r a c t e d - b e a m , g r a p h i t e m o n o -
c h r o n o m e t e r . R a p i d s c a n s f o r t h e w h o l e - r o c k s a m p l e s w e r e 
m a d e f r o m 4 t o 4 4 d e g r e e s t w o t h e t a a t a s c a n r a t e o f 2 
d e g r e e s t w o t h e t a p e r m i n u t e o n 1 0 0 - u n i t - w i d e s t r i p - c h a r t 
p a p e r . S u l f i d e s a m p l e s w e r e t r e a t e d i n a s i m i l a r m a n n e r , 
b u t w e r e s c a n n e d f r o m 2 4 t o 6 0 d e g r e e s t w o t h e t a . 
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I n a d d i t i o n t o t h e g r o s s m i n e r a l o g y o b t a i n e d b y t h e 
r a p i d s c a n s , t h e r e l a t i v e p r o p o r t i o n s o f c a l c i t e a n d d o l o ­
m i t e w e r e f u r t h e r d e t e r m i n e d b y f i x e d - t i m e c o u n t i n g o n t h e 
p r i m a r y c a r b o n a t e p e a k s u s i n g a p r o c e d u r e s u g g e s t e d b y 
R o y s e a n d o t h e r s ( 1 9 7 1 ) , 
I n t e r p r e t a t i o n o f m i n e r a l o g y 
A s e m i q u a n t i t a t i v e e s t i m a t i o n o f t h e r e l a t i v e a b u n d a n c e 
o f t h e m a j o r m i n e r a l s i n t h e s a m p l e s w a s d o n e b y u n i f o r m l y 
m e a s u r i n g t h e h e i g h t s o f t h e p e a k s a b o v e t h e b a s e l i n e o n 
t h e s t r i p c h a r t i n c h a r t u n i t s f o l l o w i n g a p r o c e d u r e o u t ­
l i n e d b y B r o b s t a n d T u c k e r ( 1 9 7 3 ) . I n t h i s m e t h o d , t h e 
d i a g n o s t i c p e a k f o r a m i n e r a l m u s t b e c h o s e n s o a s t o 
a v o i d t h e c u m u l a t i v e e f f e c t s o f a n o t h e r m i n e r a l w i t h a r e ­
f l e c t i o n o f s i m i l a r t w o t h e t a . T h e d i a g n o s t i c p e a k s c h o s e n 
f o r t h e m a i n m i n e r a l s i n t h e r o c k s o f t h e G r e e n R i v e r 
F o r m a t i o n a r e l i s t e d i n T a b l e 6 , 
T a b l e 6 i n d i c a t e s t h a t , i n m o s t c a s e s , t h e m o s t 
i n t e n s e p e a k ( I = 1 0 0 ) w a s u s e d i n t h e d e t e r m i n a t i o n o f p e a k 
h e i g h t . T h e 2 0 , 9 d e g r e e t w o t h e t a p e a k f o r q u a r t z w a s 
c h o s e n b e c a u s e t h e p r i m a r y q u a r t z p e a k a t 2 6 . 6 d e g r e e s i s 
e n h a n c e d b y i l l i t e ( B r o b s t a n d T u c k e r , 1 9 7 3 i p . 2 5 ) . 
I l l i t e , b i o t i t e a n d m u s c o v i t e a l l h a v e m a j o r r e f l e c t i o n s 
a t a b o u t 8 , 8 d e g r e e s t v / o t h e t a . F o l l o w i n g a p r o c e d u r e o u t ­
l i n e d b y B r o b s t a n d T u c k e r ( 1 9 7 3 ) . t h e s e t h r e e m i n e r a l s 
w e r e d i s t i n g u i s h e d b y v i s u a l e x a m i n a t i o n o f t h e r o c k s . I f 
t h e s a m p l e w a s o i l s h a l e , t h e p e a k w a s p r o b a b l y i l l i t e 
( H o s t e r m a n a n d D y n i , 1 9 7 2 ) , I f t h e s a m p l e w a s a c l a s t i c 
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T a b l e 6 . T w o - t h e t a ( 2 6 ) p o s i t i o n o f X - r a y p e a k s u s e d t o 
e v a l u a t e t h e r e l a t i v e p r o p o r t i o n s o f t h e m a i n m i n e r a l s 
i n r o c k s o f t h e G r e e n R i v e r F o r m a t i o n 
M i n e r a l 2 0 I 
C h l o r i t e 6 . 3 1 0 0 
I l l i t e / M u s c o v i t e 8 . 8 1 0 0 
Q u a r t z 2 0 . 9 3 5 
A n a l c i m e 2 6 . 0 1 0 0 
P o t a s s i u m f e l d s p a r 2 7 . 6 1 0 0 
A l b i t e 2 8 . 0 1 0 0 
C a l c i t e 2 9 . 5 1 0 0 
D o l o m i t e 3 1 . 0 1 0 0 
A n k e r i t e 2 9 . 8 1 0 0 
P y r i t e 3 7 . 1 6 5 
P y r r h o t i t e 4 3 . 7 1 0 0 
J / I a r e a s i t e 5 2 . 0 6 3 
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r o c k o r a t u f f , t h e p e a k w a s p r o b a b l y a m i c a m i n e r a l , 
a n d v i s u a l e x a m i n a t i o n o f t h e r o c k w a s u s e d t o d i s t i n g u i s h 
b i o t i t e f r o m m u s c o v i t e . 
E x p l a n a t i o n o f d a t a t a b l e 
T a b l e 7 s u m m a r i z e s t h e X - r a y - d i f f r a c t i o n d a t a g e n e r a t e d 
b y t h i s s t u d y f o r w h o l e - r o c k s a m p l e s . T h i s t a b l e i s s i m i l a r 
i n f o r m a t t o t h e d a t a t a b l e s o f B r o b s t a n d T u c k e r ( 1 9 7 3 ) . 
T h e n u m b e r s i n e a c h c o l u m n i n d i c a t e t h e p e a k h e i g h t a b o v e 
t h e b a s e l i n e o f s e l e c t e d r e f l e c t i o n s ( T a b l e 6 ) o n t h e 
d i f f r a c t c g r a m s , A p l u s s i g n ( + ) f o l l o w i n g t h e n u m b e r 
i n d i c a t e s t h a t t h e r e f l e c t i o n w a s s t r o n g e n o u g h t o s e n d 
t h e r e c o r d e r o f f s c a l e , F o r d o l o m i t e a n d c a l c i t e , t w o 
n u m b e r s a r e i n d i c a t e d i n t h e c o l u m n s ; t h e f i r s t n u m b e r 
t o t h e l e f t o f t h e s l a s h i s t h e p e a k h e i g h t a n d t h e s e c ­
o n d n u m b e r r e p r e s e n t s t h e p e r c e n t o f d o l o m i t e a n d c a l c i t e 
o f t h e t o t a l c a r b o n a t e a s d e t e r m i n e d b y t h e f i x e d - t i m e 
c o u n t i n g p r o c e d u r e . A d a s h e d l i n e i n a r o w o f v a l u e s f o r 
a p a r t i c u l a r s a m p l e i n d i c a t e s t h a t a p a r t i c u l a r m i n e r a l 
w a s n o t f o u n d d u r i n g X - r a y s c a n n i n g . A b l a n k r o w i n d i c a t e s 
t h a t X - r a y - d i f f r a c t i o n a n a l y s i s w a s n o t p e r f o r m e d . I n t h e 
m i c a - c l a y c o l u m n , a s u f f i x i s a d d e d t o t h e n u m b e r t o i n ­
d i c a t e t h e m i n e r a l i C I = c h l o r i t e ; i l l = i l l i t e ; b i o = 
b i o t i t e ; m u s = m u s c o v i t e . 
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T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a 
S a m p l e A n a l Q t z K - s p a r A l b D o l C a l ^ i c a , L i t h o l o g y 
n u m b e r * c x a y 
D C T - 1 — 8 6 5 0 4 5 9 2 + / 5 0 
D C T - 2 — 2 3 6 0 8 9 
D C T - 3 — 3 9 2 9 3 3 1 7 / 7 
D C T - 5 — 5 9 9 3 6 
D C T - 6 8 9 1 + 9 2 + 1 4 
D C T - 7 — 6 6 9 1 + 9 1 7 0 / 9 6 
D O T - 9 — k — — 8 / 2 
DCT-1OA 3 5 1 0 — 
DCT-1OB — 1 5 7 5 5 5 / 2 8 
D C T - 1 0 C — 9 9 7 9 4 + / 4 3 
D C T - 1 2 9 2 + 3 2 1 9 3 1 2 1 / 3 7 
D C T - 2 1 1 5 3 4 — — 
D C T - 2 3 9 2 + 1 8 1 4 1 9 
D C T - 2 5 8 9 + 3 9 2 3 3 4 1 7 / 4 7 
D C T - 2 8 9 5 + 3 0 1 6 3 3 
D P R - 5 0 2 8 7 3 4 6 5 7 8 2 / 5 7 
D P R - 5 1 — 7 9 5 5 9 1 .85 / 
D P R - 5 6 2 9 4 — 4 9 5 + / 4 5 
D P R - 5 7 — 9 3 + 9 4 + 9 4 + 7 6 / 8 l 
9 2 + / 5 0 7 b i o S a n d s t o n e , s i l t y 
2 b i o S a n d s t o n e , p y r i t i c 
9 3 + / 9 3 5 b i o S a n d s t o n e , s i l t y 
9 4 + / 1 0 0 S a n d s t o n e , s i l t y 
7 "b io S a n d s t o n e , f e l d s p a t h i c 
4 / 4 9 b i o S a n d s t o n e , p y r i t i c 
9 5 + / 9 8 B i o s p a r i t e , o s t r a c o d 
1 4 / 1 0 0 4 6 c l C l a y s t o n e , c a r b o n a c e o u s 
9 4 + / 7 2 M a r l s t o n e 
9 4 + / 5 7 A l g a l b i o l i t h i t e 
3 3 / 6 3 1 4 i l l M a r l s t o n e 
1 7 i l l C l a y s t o n e , c a r b o n a c e o u s 
5 6 / 1 0 0 1 1 i l l C l a y s t o n e , s i l t y 
3 0 / 5 3 M a r l s t o n e , p y r i t i c 
4 8 / 1 0 0 9 i l l M a r l s t o n e , p y r i t i c 
6 0 / 4 3 S i l t s t o n e , s p a r r y 
9 5 + / S a n d s t o n e , c a l c a r e o u s 
9 5 + / 5 5 O o p e l s p a r i t e 
1 6 / 1 9 S a n d s t o n e , f e l d s p a t h i c 
e . l  iffr action  
Sample l t  -  l  ol al Mica, t l  
 la  
l    /    ie sto e, silty 
-     - ----- ------  i  st ,  
-     7  7 /   i  , silty 
-     - - ---- /  ----- , silty 
     ------ ------  bi  , feldspat i  
-     0/9  / 4  i  st e, p  
C1'-  4 /  /  - --- - i rite, ostra  
I    ------  .1    l o , car  
I      /28  ----- arlston
IO       ---- - l biolithite
-      /3     arlston
T -   --- - -- --- - --   l , car ce s 
T -      -- - ---     ·l , silty
T -       /47  /  ----- arlst e, p
  )    ------  0    rl , p r ti
  J   /57   - - --- , sparr
R -   iJ / / ----- , calcareou
R -      /  ----- O te
   /81   '" -   ----- , feldspathi
'" 
" 
T a b l e ? . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a - C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a . 
c l a y L i t h o l o g y 
D P R - 5 8 tmm 8 6 6 4 6 8 9 2 + / 7 6 5 2 / 2 4 S a n d s t o n e , s i l t y 
D P R - 5 9 2 — — 9 6 + / 8 8 4 9 / 1 2 P i s o s p a r i t e , o s t r a c o d a l 
D P R - 6 0 2 — - - 9 6 + / 7 5 9 6 / 2 5 A l g a l b i o l i t h i t e 
D P R - 6 4 1 5 1 5 6 5 9 6 + / 8 O 6 9 / 2 0 P i s o s p a r i t e , a l g a l 
D P R - 6 5 2 2 2 9 6 + / 9 1 3 2 / 9 A l g a l b i o l i t h i t e 
D P R - 7 0 9 1 + 4 7 — 5 7 1 5 / 2 8 3 6 / 7 2 M a r l s t o n e , p y r i t i c 
D P R - 7 1 1 1 1 4 7 3 0 9 5 + / 5 2 9 5 + / 4 8 O o i n t r a s p a r i t e 
D P R - 7 2 7 7 3 0 2 1 3 2 1 6 / 2 3 3 7 / 7 7 9 i l l M a r l s t o n e , p y r i t i c 
D P R - 7 3 — 9 1 9 4 + 9 4 + 8 0 / 9 6 4 / 4 S a n d s t o n e , p y r i t i c 
D P R - 7 4 7 7 4 0 4 1 3 7 3 6 / 6 2 2 4 / 3 8 1 2 i l l M a r l s t o n e , p y r i t i c 
D P R - 7 5 2 4 8 2 8 1 9 4 + 7 8 / 5 5 6.1 / 4 5 1 2 b i o S a n d s t o n e , p y r i t i c 
D P R - 7 6 — 5 — — 9 6 + / 6 3 9 6 + / 3 7 A l g a l b i o l i t h i t e 
D P R - 7 7 — 4 7 5 9 6 8 5 5 A 2 9 5 + / 8 8 S a n d s t o n e , o o l i t i c 
D P R - 7 8 — 9 4 + 5 2 9 5 + 4 5 / 6 l 2 5 / 3 9 S i l t s t o n e , p y r i t i c 
D P R - 8 0 — 8 9 + 8 8 + 8 8 + 8 1 / 7 8 3 5 / 2 2 S a n d s t o n e , f e l d s p a t h i c 
D P R - 8 1 — 8 8 + 8 9 + 8 9 + 8 9 + / 1 0 0 S a n d s t o n e , p y r i t i c 
D P R - 8 3 — 3 2 8 9 1 + / 5 6 9 0 + / 4 4 O o i n t r a s p a r i t e 
D P R - 8 4 — 3 2 7 9 1 + / 5 8 9 0 + / 4 2 A l g a l b i o l i t h i t e 
D P R - 8 5 — 2 — — 1 0 / 1 0 9 1 + / 9 0 M i c r i t e , p y r i t i c 
D P R - 8 6 4 4 4 3 9 1 + / 6 4 9 1 + / 3 6 A l g a l b i o l i t h i t e 
D P R - 8 8 - ~ 4 - - — 9 3 + / 1 0 0 A l g a l b i o l i t h i t e 
able 7. hole-rock -ray-di fraction d ta-  
pl  nal t  r l  l al i , it l   la  
S  3    76  /  --- - - st e , s ilt  
-     / l ? -- - - - i , ostr  
0  75  /2 ----- l  bioli th i  
     0  /2  ----- i , al  
     2  9 ----- l  biolithite 
    5/2  6/72 --- - - r ,  
-       /  ----- i t s arite 
-      /2  /77  ill e, pyritic
-73     /9  /  ---- - st e, pyritic
      /62  /38  ill r , pyrit
PR - 75      /55 /45  i  st e, p
R   /   ----- biolithite
R -      / 1  ----- st e, o litic
R -  ,    /61  / ----- 1 , pyritic
     /  /22 ----- , feldspathic
R -     /  ------ - ---- , p itic
R     /  /  ----- i e 
R -     /   ----- bioli thit
R - S -   /  ----- ic , pyritic
      /  ----- biolithite '" 
'" R -   /  l biolithi te OJ - ----- -----
T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a — C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
D P R - 8 9 ~ 4 — 3 9 3 + / 1 0 0 M i c r i t e , s i l t y 
D F R - 9 0 — 9 3 + — — 9 3 + / 1 0 0 P e l i n t r a s p a r i t e 
D P R - 9 7 3 6 3 — — 9 4 + / 5 1 9 4 + / 4 9 A l g a l b i o l i t h i t e 
D P R - 9 9 2 4 3 3 1 0 9 3 + / 5 5 8 3 M C l a y s t o n e , p y r i t i c 
D P R - 1 0 2 3 7 9 1 2 9 3 + / 8 9 2 6 / l l C l a y s t o n e , m i c r i t i c 
D P R - 1 0 8 - - 3 3 4 9 ^ + / 7 7 8 8 / 2 3 A l g a l b i o l i t h i t e 
D P R - 1 0 9 3 1 1 6 1 7 9 4 + / 7 1 9 4 V 2 9 6 i l l C l a y s t o n e , m i c r i t i c 
D P R - 1 1 4 6 4 4 2 7 7 8 2 / 3 3 9 4 + / 6 7 S i l t s t o n e , p y r i t i c 
D P R - 1 1 5 2 4 1 1 2 4 9 4 + / 5 0 9 4 + / 5 0 A l g a l b i o l i t h i t e 
D P R - 1 1 6 8 1 3 0 2 7 9 4 + / 4 6 9 4 + / 5 4 S i l t s t o n e , p y r i t i c 
D P R - 1 2 1 8 7 5 9 4 + / 7 1 9 4 + / 2 9 I n t r a s p a r i t e , a l g a l 
D P R - 1 2 7 1 2 - - 1 0 9 5 + / 9 4 2 3 / 6 A l g a l b i o l i t h i t e 
D P R - 1 2 8 6 3 2 9 2 7 3 0 1 5 / 1 0 0 1 0 i l l M a r l s t o n e , p y r i t i c 
D P R - 1 2 9 — 2 — 2 9 6 + / 1 0 0 A l g a l b i o l i t h i t e 
D P R - 1 3 1 2 3 2 1 7 5 1 / 5 3 4 3 A 7 4 i l l O i l s h a l e ( l w - m ) , c l a y e y 
D P R - 1 3 2 — 3 — 9 6 + / 4 1 9 6 + / 5 9 A l g a l b i o l i t h i t e 
D P R - 1 3 3 - - 6 4 3 9 5 + / 1 0 0 D o l o m i c r i t e , a l g a l 
D P R - 1 3 5 9 2 + 2 8 2 2 4 0 3 b i o M a r l s t o n e , s a n d y 
D P R - 1 4 0 — 1 4 8 9 9 4 + / 5 9 9 4 + / 4 1 A l g a l b i o l i t h i t e 
D P R - 1 4 1 6 4 2 5 3 2 2 9 5 3 / 1 0 0 M a r l s t o n e , p y r i t i c 
l   hole-r  -r y-diffracti n data--Continue
l  l t  - r l  l l i , i  er  
----
-    /  ------ ----- icri ~ silty 
P    ------ ----- l ri t  
     ----- l l biolithite
-   ]9    /l~5 ----- l t , p tic
-I       /11 ----- l , tic
-I     4   /23 ----- l l biolithite
-I      +/   ill l t , tic
-     /33 /  ----- , p tic
      ----- l l biolithite
    91-1-+/54 ----- , p itic
- 2l      ----- rit , algal
     ----- l l biolithite
 )    ------  /100  ill arl , p itic
    ------ ----- l l biolithite
- l   /53  /47 l~ ill i    1  , clayey
 J   ----- l l biolithite
-l.   1-1-   ------ ----- l icrit , algal
-     ------ ------  bio rl , sand
-ll.J.O      ----- l l biolithite
N 
F     ------ /100 ----- rl  py itic \...) \() 
T a b l e 7 . W h o l e - r o c k X - r a y -• d i f f r a c t i o n d a t a - - C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K-- s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
D P R - 1 4 2 5 
CD 
CO u 9 5 + / S 5 3 7 A 5 A l g a l b i o l i t h i t e 
CD 
CO 
D P R - 1 4 3 — 1 7 2 4 1 1 9 5 + / 6 0 9 2 / 4 u C l a y s t o n e , m i c r i t i c 
D P R - 1 4 6 9 3 2 4 2 5 4 3 1 6 / 1 0 0 1 1 i l l M a r l s t o n e , p y r i t i c 
D P R - 1 4 8 4 1 3 7 3 2 6 2 2 1 / 1 0 0 1 2 i l l M a r l s t o n e , p y r i t i c 
D P R - 1 4 9 4 3 3 6 4 0 7 6 2 3 i l l M a r l s t o n e , p y r i t i c 
D P R - 1 5 0 5 6 4 2 4 5 7 9 1 1 / 1 0 0 2 1 i l l M a r l s t o n e , p y r i t i c 
D P R - 1 5 1 — 1 8 7 7 9 6 + A 2 9 5 + / 5 8 I n t r a s p a r i t e , a l g a l 
D P R - 1 5 2 2 0 1 1 9 9 6 + / 2 2 9 6 + / 7 8 S a n d s t o n e , p e l l e t o i d 
D P R - 1 5 4 7 2 7 1 5 2 4 9 5 + / 7 3 7 8 / 2 7 P e l i n t r a s p a r i t e , a l g a l 
D P R - 1 5 5 4 5 5 2 4 8 9 3 + / 7 8 6 2 / 2 2 S a n d s t o n e , s p a r r y 
D P R - 1 5 7 8 6 9 4 + 2 9 3 8 S i l t s t o n e , p y r i t i c 
D P R - 1 5 8 9 1 8 1 7 1 4 9 4 + / 6 7 5 3 / 3 3 3 i l l O i l s h a l e ( m ) , p y r i t i c 
D P R - 1 6 0 6 2 6 1 7 1 6 9 5 / 8 2 3 6 / 1 8 3 i l l O i l s h a l e ( I n ) , p y r i t i c 
D P R - 1 6 1 1 2 2 2 2 7 1 4 9 3 + / 6 5 7 1 / 3 5 3 i l l O i l s h a l e ( I n ) , p y r i t i c 
D P R - I 6 3 1 1 2 6 1 7 1 3 9 4 + / 9 2 1 4 / 8 4 i l l O i l s h a l e ( l w ) , p y r i t i c 
D P R - 1 6 5 
CO 2 0 1 1 
CO 9 4 + / 5 3 9 4 + 7 4 7 4 i l l O i l s h a l e ( I n ) , p y r i t i c 
D P R - 1 7 5 2 7 2 3 1 7 2 1 9 5 + / 6 3 8 2 / 3 7 5 i l l O i l s h a l e ( I n ) , s a l t c a s t 
D P R - 1 7 8 4 1 2 5 2 8 9 3 + / 9 8 5 / 2 5 i l l O i l s h a l e ( l w ) , p y r i t i c 
D P R - 1 8 4 3 4 2 3 1 6 1 8 9 0 + / 6 2 7 5 / 3 8 3 8 i l l M a r l s t o n e , p y r i t i c 
6 
· --...---- -- ---- ----
l   le-r  y- iff ti n data--  
l  l t  - r l  l l i , i l  er  
PR-IL~   8 8 4 /8   /15 ----- l l bi ithite 
PR-J)~     /   /40 ----- l t , i  
-      ------  /100  ill arlst , p tic 
PR-l/~    ------ /100  ill arl t , p tic
     -_._--- ------ ill arl t , p tic
     ------  /100 ill arl t , p tic
    /4   ----- rit , alg l
      ----- t , p lletoi  
-        /27 ----- li t arit , alg
-       /22 ----- t , sparry
     ------ ------ ----- , p tic
      /33  ill i   rn  p tic
     /82  /18  ill il   , p tic
    /  ?l /35  ill O· , 1...1.   , p tic
1      ·   ill il   , p itic
-  8   8  94 /47  ill il   , p tic
-175    /  /37  ill i    , l  cast
       ill il   , p itic
     6   /38  ill rl , p itic
T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a — C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
MLW-36 3 0 2 4 2 2 9 6 + / 9 1 1 1 / 9 5 i l l O i l s h a l e ( l w ) , p y r i t i c 
MLW-40 4 6 2 0 1 0 1 2 9 2 + / 7 6 ' 3 1 / 2 4 3 i l l O i l s h a l e ( v r ) , p y r i t i c 
MLW-44 4 5 2 1 8 1 6 9 4 + / 7 0 6 6 / 3 0 3 i l l O i l s h a l e ( m ) , p y r i t i c 
MLW-45 1 5 3 1 2 8 1 4 9 4 / 9 1 1 3 / 9 5 i l l O i l s h a l e ( l w ) , p y r i t i c 
MLW-48 6 6 2 1 1 1 2 6 9 3 + / 1 0 0 4 i l l O i l s h a l e ( r ) , p y r i t i c 
MLW-49 7 5 2 4 — 1 5 7 1 / 3 0 / 2 i l l O i l s h a l e ( I n ) , p y r i t i c 
MLW-53 1 0 1 4 1 0 1 1 9 8 + A 9 9 8 + / 5 1 3 i l l O i l s h a l e ( m ) , p y r i t i c 
1 2 2 0 2 3 4 8 9 5 V 9 5 4 / 5 4 i l l O i l s h a l e ( r ) , p y r i t i c 
&5IW-67 2 6 1 8 - - 5 0 7 9 / 7 0 2 8 / 3 0 3 i l l O i l s h a l e ( r ) , p y r i t i c 
MLW-71 2 9 1 1 — 4 9 9 1 / 5 2 7 2 / 4 8 2 i l l O i l s h a l e ( r ) , p y r i t i c 
55IW-74 2 3 2 2 1 5 3 2 9 3 + / 7 9 3 4 / 2 1 4 i l l O i l s h a l e ( m ) , p y r i t i c 
MLW-75 1 4 1 6 4 3 8 8 / 7 1 3 6 / 2 9 2 i l l O i l s h a l e ( v r ) , p y r i t i c 
MLW-76 3 1 8 2 1 4 2 9 7 V 6 8 4 6 / 3 2 O i l s h a l e ( m ) , p y r i t i c 
MLW-85 — 1 6 1 7 3 3 8 8 / 4 8 9 4 + / 5 2 O i l s h a l e ( m ) , p y r i t i c 
M I W - 8 6 — 1 4 1 7 7 6 9 3 + / 6 4 5 7 / 3 6 4 i l l O i l s h a l e ( l w ) , p y r i t i c 
MLW-91 — 2 1 JL4 6 6 9 8 + / 1 0 0 6 i l l O i l s h a l e ( l w ) , p y r i t i c 
MLW-95 2 1 2 5 2 6 3 0 8 4 / 7 8 2 2 / 2 2 O i l s h a l e ( m ) , p y r i t i c 
P - 2 5 - 1 2 1 1 0 2 4 9 1 1 7 / 5 9 1 + / 9 5 9 b i o S a n d s t o n e , t u f f a c e o u s 
P - 2 5 - 2 6 8 3 6 2 3 8 0 8 3 / 1 0 0 9 c l M a r l s t o n e , c l a y e y 
P - 2 5 - 3 8 5 3 1 — 9 4 9 4 ^ / 9 4 6 / 6 S i l t s t o n e , p l a n t f o s s i l 
l  . hole-r c  -ray-diffraction data--Co tin  
ple al t  - r l  l l i a, it l  'ber  
I     /  1  9   il l   , p i  
-      /76  /24   il J   , p i  
-     L~+/7   /30   il l  In  , pjr i tic
Nl W -1+      /91 3  9   il l   • p tic 
N! -      /  ------   il l   , p tic 
rt: -L:    /  /   il   , p tic
I     /4     il  In  , p tic 
MLW-6!*     +/  5   il   , p tic 
!.'!VtI-67     /70  /30   il   ). pyri.
J::LW -7      /52  /48   il   • p itic
ML -  23      /21   i   In  , p tic
r1.L -75     /71  /29   il   , p itic
rl'1L\~ -7    +/   /32 ----- i   In  , py itic
    /48  ----- i    , p itic
L -     /36   i    , py itic
-  L4   ------   i    , p itic
L -95    /78 /22 ----- i    , pyritic
       , s 
   /100 ------ 1 1st   




T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a — C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
P - 2 5 - 4 4 4 1 8 2 1 2 5 8 9 + / 5 S 8 0 / 4 2 4 i l l O i l s h a l e ( I n ) 
P - 2 5 - 8 . 8 1 6 1 5 1 5 8 8 + / 4 7 8 8 / 5 3 3 i l l M a r l s t o n e , c l a y e y 
P - 2 5 - 9 2 4 1 9 1 8 3 2 9 3 + / 6 5 5 5 / 3 5 O i l s h a l e ( m ) 
P - 2 5 - 1 0 3 3 2 0 1 4 1 3 9 5 + / 7 1 5 1 / 2 9 O i l s h a l e ( m ) , p y r i t i c 
P - 2 5 - I I — 2 7 2 3 1 2 6 7 / 6 6 3 4 / 3 4 O i l s h a l e ( r ) , p y r i t i c 
P - 2 5 - 1 2 3 9 1 8 1 3 9 5 + / 7 8 5 5 / 2 2 O i l s h a l e ( m ) 
P - 2 5 - 1 3 3 1 3 1 3 2 4 6 7 / 4 2 8 6 + / 5 8 3 i l l M a r l s t o n e , p y r i t i c 
P - 2 5 - 1 4 4 3 2 - - 6 6 9 2 / 1 0 0 O i l s h a l e ( r ) , p y r i t i c 
p - 2 5 - 1 5 4 3 5 1 7 6 1 9 1 / 8 8 1 2 / 1 2 O i l s h a l e ( m ) 
p - 2 5 - 1 6 — 4 0 5 1 4 4 9 2 + / 9 1 1 4 / 9 2 0 i l l O i l s h a l e ( I n ) 
p - 2 5 - 1 7 — 2 1 5 7 8 2 / 8 1 1 8 / 1 9 O i l s h a l e ( m ) , p y r i t i c 
P - 2 5 - 1 8 1 6 2 3 4 4 6 2 6 6 / 1 0 0 4 i l l O i l s h a l e ( l w ) , p y r i t i c 
P - 2 5 - 1 9 — 1 2 — 9 2 + 9 2 + / 1 0 0 O i l s h a l e ( m ) , p y r i t i c 
P - 2 5 - 2 0 4.9 2 1 1 9 2 0 9 0 + / 9 7 6 / 3 7 i l l O i l s h a l e ( l w ) , p y r i t i c 
R B C - 1 9 2 + 6 1 4 3 9 2 + 2 1 / 1 0 0 7 b i o S i l t s t o n e , p y r i t i c 
R E C - 2 9 2 + 3 4 3 6 9 2 + 1 0 b i o S i l t s t o n e , p y r i t i c 
R B C - 3 8 5 4 9 3 7 9 2 + 3 7 / 1 0 0 1 6 b i o S a n d s t o n e , p y r i t i c 
R B C - 4 8 3 3 8 3 4 7 0 7 / 1 0 0 1 1 b i o S i l t s t o n e , p y r i t i c 
R B C - 5 5 8 2 6 2 9 9 1 + 9 1 + / 1 0 0 1 1 b i o S a n d s t o n e , p y r i t i c 
l  . hole-r c  -ray-diffraction data--Co tin  
... 
pl  al t  - r l  l l i a, it l  ber  
p··2 -  41~   / 8  /4   il s   
-      /   /53   arlst ,  
       /35 ----- il s  In ) 
:2-25-       /29 ----- il sh l  , p i  
1l     /66  /3 ----- il sh l  • p tic 
-l       /  ----- il sh l  
      /42    arl t , rit  
    /100 ------ ----- il sh l  , p tic
P-25-15      /88  /12 ----- il sh l
P      4  9  il shale  
P   /81  /19 ----- il shale  , p itic
-l    41.j.  /100 ------   il shal  , p tic
1'-     ------ ----- i  shale  , p itic
    3   i  shale  , p itic
-l    /100 ------   , rit  
    ------ ------    ri  
-     ------  /100   , i  
   ------  /100    ri  




T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a — C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
R B C - 6 9 3 1 5 4 1 9 3 + 9 3 + / 1 0 0 1 0 b i o S a n d s t o n e , p y r i t i c 
R E C - 9 8 9 + 2 4 2 9 8 9 + 7 / 1 0 0 0 b i o S a n d s t o n e , p y r i t i c 
R E C - 1 0 8 9 + 2 7 3 0 9 0 + 1 3 b i o S i l t s t o n e , p l a n t f o s s i l s 
R B C - 1 2 8 2 3 1 6 2 8 9 + 1 4 b i o S i l t s t o n e , p y r i t i c 
R E C - 1 3 8 8 + 2 9 — 8 8 + 9 / 1 6 b i o S i l t s t o n e , b o n e f o s s i l s 
R B C - 1 8 7 2 2 9 — 8 9 1 9 / 4 / 1 9 b i o S i l t s t o n e , p l a n t f o s s i l s 
R B C - 2 1 7 7 2 2 — 8 8 + 2 8 / 8 / 3 9 c l S a n d s t o n e , c l a y e y 
R B C - 2 4 8 8 + 1 0 1 8 8 8 + 8 8 + / 1 0 0 3 b i o S a n d s t o n e , p y r i t i c 
R B P - 6 1 1 0 3 3 2 2 1 8 9 5 + / 7 9 3 4 / 2 1 6 i l l O i l s h a l e ( m ) , p y r i t i c 
R E P - 6 5 3 3 2 6 1 7 1 9 9 3 + / 9 7 6 / 3 3 i l l O i l s h a l e ( l w ) , p y r i t i c 
R B P - 7 3 2 5 1 8 1 1 4 7 9 5 + / 7 0 4 0 / 3 0 4 i l l O i l s h a l e ( r ) , p y r i t i c 
R E P - 8 4 4 3 2 2 — 1 7 9 7 + / 9 2 1 5 / 8 3 i l l O i l s h a l e ( r ) , p y r i t i c 
R B P - 8 8 1 8 3 5 3 2 1 8 9 2 + / 1 0 0 7 i l l O i l s h a l e ( I n ) , p y r i t i c 
R B P - 8 9 4 0 2 9 2 8 1 7 9 3 + / 8 8 1 3 / 1 2 6 i l l O i l s h a l e ( m ) , p y r i t i c 
R E P - 9 0 5 8 2 5 1 9 2 3 9 3 + / 8 9 1 3 / l l 6 i l l O i l s h a l e ( m ) , p y r i t i c 
R P P - 9 1 7 7 1 6 9 1 8 8 9 / 5 7 6 3 A 3 3 i l l O i l s h a l e ( r ) , p y r i t i c 
R B P - 9 4 9 5 + 2 7 1 2 1 2 5 1 / 9 1 5 / 9 O i l s h a l e ( I n ) , p y r i t i c 
R E P - 9 5 7 2 2 3 2 5 1 0 7 0 / 8 1 1 5 / 1 9 O i l s h a l e ( m ) , p y r i t i c 
R E P - 1 2 0 1 8 2 6 2 3 — Q 2 + / 6 9 4 3 / 3 1 4 i l l O i l s h a l e ( m ) , p y r i t i c 
R B F - 1 2 1 4 8 2 2 1 0 8 8 1 / 6 3 4 9 / 3 7 3 i l l O i l s h a l e ( r ) , p y r i t i c 
l  . hole-r c  -ray-diffraction data--Co tin  
l  al t  - r l  l l ica, it l  ber  
-      ------ /   i  st e, riti  
B -9     ------  /100 f3  st e, riti  
IO     ------ ------  i  i , l t fossils
-      ------ ------   i , rit  
-13    ------  /   i ,  fossils
-lS     /  /   i , a'Ylt fossils
-      /  /   t ,  
     ------    t , rit  
HP,p-       /21   il shale  • p itic
      3 :3  il shale  , p tic
E -73       /30   il sh le  • pyrj. ic
B         il sh le  , p tic
H       ------   i  shale  , p itic
-  1.).0      /12   i  shale  • pJritic
       /11   i  shale  , p itic
E -91    /57  /43 ':l  i  S le  , pyritic.)
 95      /91  ----- i  shale 1  , pyritic
P-95    /81  /19 ----- i  shale ) • py itic
P    9  /31   i  shale ) • pyritic
p··l  J.}8   /63  /37   sha.1e  , pyritic
N 
+=" W 
T a b l e 7 . W h o l e - r o c k X - r a y 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l 
R B P - 1 2 5 5 2 2 5 1 5 9 9 1 + / 9 0 
R B P - 1 2 6 9 2 + 2 1 9 1 4 
R B P - 1 2 8 9 0 + 2 4 — 
CO 3 7 / 
R B P - I 2 9 7 2 7 2 4 — 9 1 / 8 2 
R B P - 1 4 3 5 0 1 9 1 1 1 3 7 0 / 5 0 
R E P - 1 4 4 3 ^ 2 6 2 7 1 4 5 ^ / 9 2 
R B P - 1 5 6 9 6 + 2 4 5 5 4 0 / 2 0 
W O S - 1 1 2 2 8 6 2 9 3 + / 8 5 
WOS-2 — 1 5 2 6 8 3 9 1 / 8 5 
w o s - 3 — 1 5 2 6 8 3 9 1 / 8 5 
W O S - 4 — 1 8 1 8 5 9 9 1 / 6 3 
w o s - 5 — 2 4 3 8 3 0 9 1 + / 6 2 
WOS-7 — 2 8 * 4 2 4 8 S + / 6 8 
W O S - 8 — 1 3 2 1 4 8 9 2 + / 5 4 
W C S - 9 — 1 9 2 4 4 4 9 0 + / 8 2 
W O S - 1 0 5 2 2 7 3 9 3 5 6 1 / 6 6 
w c s - 1 1 2 6 1 9 3 8 2 4 6 8 / 5 2 
W O S - 1 2 4 9 2 8 3 3 2 8 5 8 / 7 1 
W O S - 1 3 5 8 2 9 3 2 2 9 5 3 / 6 3 
W O S - 1 4 8 5 1 1 1 4 2 5 6 0 / 5 3 
d i f f r a c t i o n d a t a — C o n t i n u e d 
C a l M i c a , L i t h o l o g y 
c l a y 
1 0 / 1 0 5 i l l O i l s h a l e ( r ) , p y r i t i c 
1 1 / 1 0 0 5 i l l O i l s h a l e ( v r ) , p y r i t i c 
1 4 / O i l s h a l e ( v r ) , p y r i t i c 
1 9 / 1 8 4 i l l O i l s h a l e ( v r ) , p y r i t i c 
6 5 / 5 0 6 i l l O i l s h a l e ( m ) , p y r i t i c 
1 4 / 8 7 i l l O i l s h a l e ( r ) , p y r i t i c 
6 2 / 8 0 4 i l l O i l s h a l e ( m ) , p y r i t i c 
2 0 / 1 5 O i l s h a l e ( I n ) , p y r i t i c 
2 4 / 1 5 O i l s h a l e ( m ) , p y r i t i c 
2 4 / 1 5 O i l s h a l e ( m ) , p y r i t i c 
5 8 / 3 7 o i l s h a l e ( m ) , p y r i t i c 
7 1 / 3 8 5 i l l O i l s h a l e ( l w ) , p y r i t i c 
5 6 / 3 2 4 i l l O i l s h a l e ( l w ) , p y r i t i c 
9 0 + / 4 6 3 i l l O i l s h a l e ( m ) , p y r i t i c 
2 7 / 1 8 5 i l l O i l s h a l e ( m ) , p y r i t i c 
2 8 / 3 4 9 i l l O i l s h a l e ( I n ) , p y r i t i c 
5 9 / 4 8 9 i l l O i l s h a l e ( l w ) , p y r i t i c 
2 3 / 2 9 7 i l l O i l s h a l e ( l w ) , p y r i t i c 
2 9 / 3 7 1 ^ i l l O i l s h a l e ( l w ) , p y r i t i c g 
3 6 / 4 7 7 i l l O i l s h a l e ( I n ) , p y r i t i c 
l  . hole-r c  -diffraction data--Co tin  
l  l t  - r l  l al Mica, itholo  er  
E      /      il l   , p tic 
-     ------     il   , p tic
E    8  /   ----- il l   , p tic
E -1  '7    /82     il l   , p tic
      /50     il l   , p tic
P ll}  4    4 /92 4 / 8   il   , p itic
      /20     il   , p tic 
-l      ----- i    , p itic
   /85   ----- i   )  p itic
WOS-      /85 l}  ----- i   rn  py itic
wos-     /63  /  ----- Oil  )  pyritic
WOS-         i    pyritic
-   :   8      i    pyritic
    3  i   )  py itic
O -9           pyritic
IO    /66        , pyritic
WCS-ll     /52      l  , pyritic
   5  /71      l  , pyritic
l'\) 
waS-     /63  4    l  ,  ~+:-
    /53        , pyritic
T a b l e 7 . W h o l e - r o c k X - r a y - d i f f r a c t i o n d a t a — C o n t i n u e d 
S a m p l e 
n u m b e r A n a l Q t z K - s p a r A l b D o l C a l 
M i c a , 
c l a y L i t h o l o g y 
w o s - 1 5 4 5 1 6 2 0 1 9 8 6 + / 7 9 2 2 / 2 1 k i l l O i l s h a l e ( m ) , p y r i t i c 
W O S - 1 6 3 8 1 9 1 9 1 5 8 8 + / 6 5 5 0 / 3 5 7 i l l O i l s h a l e ( l w ) , p y r i t i c 
W O S - 1 7 4 8 2k 2 6 2 3 8 4 / 7 5 2 5 / 2 5 8 i l l O i l s h a l e ( l w ) , p y r i t i c 
W O S - 1 8 5 6 1 3 1 7 2k 9 0 + / 9 8 2 / 2 5 i l l O i l s h a l e ( m ) , p y r i t i c 
W O S - 1 9 6 5 1 3 2 0 2 3 5 7 / 6 5 2 7 / 3 5 7 i l l O i l s h a l e ( r ) , p y r i t i c 
W O S - 2 0 1 7 1 7 2 2 1 1 7 7 A 4 8 6 / 5 6 5 i l l O i l s h a l e ( I n ) , p y r i t i c 
W O S - 2 1 — 1 6 1 7 1 0 7 0 A 3 8 8 / 5 7 6 i l l O i l s h a l e ( l w ) , p y r i t i c 
W O S - 2 2 6 9 2 0 1 1 1 1 3 ^ / 3 5 5 5 / 6 5 1 1 i l l O i l s h a l e ( m ) , p y r i t i c 
W O S - 2 3 5 2 1 6 — 1 0 5 8 A 9 5 5 / 5 1 1 0 i l l O i l s h a l e ( r ) , p y r i t i c 
l  . hole-r c  -ray-diffraction data--Co tin  
l  l t  - r l  l l i , i l  er  
WOS-1  1+5    /   /21 4 ill il .le {TIl  , p i  
C -J      /   /35  ill il l   , p tic
-17  4    /75  /25  ill il l   , p ic 
-    :  4 /    ill il l   , p tic
\'I -       /65  /   ill il l   , p tic 
03-       /44  /56  ill il   , p tic
     /1~-  /57  ill il l   , p tic
-    II  4 /35  /65  ill il l   , p tic
- J     /49  /51  ill · , 1._ S l   , p tic
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S u l f u r - I s o t o p e R a t i o s 
S a m p l e p r e p a r a t i o n 
I r o n - s u l f i d e s a m p l e s u s e d i n t h e s u l f u r - i s o t o p e s t u d y -
a r e o f t w o t y p e s , l a r g e b o d i e s , a n d s m a l l d i s s e m i n a t e d 
p a r t i c l e s . H e a v y - l i q u i d t r e a t m e n t w i t h t e t r a b r o m e t h a n e 
w a s u s e d f o r t h e i s o l a t i o n o f s m a l l s u l f i d e b o d i e s a n d a l s o 
f o r p u r i f y i n g l a r g e r p o d s t h a t h a d v i s i b l e i m p u r i t i e s . 
W h e n c a r b o n a t e c o n t a m i n a t i o n w a s o b v i o u s , t h e s u l f i d e w a s 
t r e a t e d w i t h d i l u t e H C 1 , 
T h e d e t e r m i n a t i o n o f s u l f u r - i s o t o p e r a t i o s f r o m s u l ­
f u r - b e a r i n g m i n e r a l s r e q u i r e s t h a t t h e s u l f u r i n t h e 
s a m p l e b e c o n v e r t e d t o a g a s , g e n e r a l l y S 0 2 . S u l f i d e s a r e 
c o n v e r t e d d i r e c t l y t o S O ^ b y c o m b u s t i o n i n e x c e s s o x y g e n . 
T h e S C ^ - p r e p a r a t i o n s y s t e m c o n s i s t s o f a n e l e c t r i c f u r n a c e 
w i t h a m u l l i t e - q u a r t z c o m b u s t i o n t u b e , g a s p u r i f i c a t i o n 
c o l d t r a p s , a s a m p l e - g a s e x i t p o s i t i o n , a v a c u u m p u m p , a n d 
a m e r c u r y d i f f u s i o n p u m p . 
T h e c o m b u s t i o n s y s t e m u t i l i z e s a n i n t e r n a l s o u r c e o f 
o x y g e n i n t h e f o r m o f c o p p e r o x i d e ( C u O ) , T h e s u l f i d e i s 
c o m b i n e d w i t h t h e CuO i n a 1 t o 1 0 r a t i o o f s u l f i d e t o 
CuO a n d t h o r o u g h l y m i x e d i n a c e r a m i c m o r t a r . T h e m i x t u r e 
i s t h e n p l a c e d i n a c o m b u s t i o n b o a t . T h e b o a t i s p l a c e d 
i n t h e e l e c t r i c f u r n a c e f o r c o m b u s t i o n o f t h e s u l f i d e . 
M a s s s p e c t r o m e t e r a n a l y s i s 
ji i . i i - - - - i U . i mm 
T h e i n s t r u m e n t u s e d i n t h i s s t u d y i s a d u a l - c o l l e c t o r , 
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The instrument used in this study is a dual-collector, 
Consolidated Electrodynamics Corporation :i:odel 21-401 mass 
2 4 ? 
s p e c t r o m e t e r w i t h a p e r m a n e n t 1 8 0 d e g r e e A l n i c o m a g n e t a n d 
a 2 . 5 i n c h r a d i u s a n a l y z e r t u b e . 
I n m o d e r n i s o t o p e g e o c h e m i s t r y , t h e a b s o l u t e a b u n d a n c e 
o f a n i s o t o p i c s p e c i e s i n a n u n k n o w n i s n o t m e a s u r e d . 
R a t h e r , t h e r e l a t i v e r a t i o ( e . g . , - ^ S / ^ 2 S ) o f t w o s p e c i e s 
i s c o m p a r e d t o a n i n t e r n a t i o n a l s t a n d a r d . T h e s t a n d a r d t o 
w h i c h a l l s u l f u r - i s o t o p e d a t a i s r e f e r r e d i s t h e C a n o n 
D i a b l o t r o i l i t e ( 3 ^ S / 3 2 S = 0 . 0 4 5 0 0 4 5 ? J e n s e n a n d N a k a i , 1 9 6 3 ) . 
I n t h e o p e r a t i o n o f t h e m a s s s p e c t r o m e t e r , h o w e v e r , a w o r k ­
i n g s t a n d a r d w i t h a k n o w n - ^ S / ^ 2 S r a t i o r e l a t i v e t o C a n o n 
3 4 / 3 2 
D i a b l o i s u s e d t o d e t e r m i n e t h e J S/y S r a t i o o f t h e s a m ­
p l e . T h i s i s a c c o m p l i s h e d b y t h e d u a l i n l e t s y s t e m w i t h 
s o l e n o i d - o p e r a t e d v a l v e s v / h i c h a l l o w s r a p i d s w i t c h i n g f r o m 
t h e s a m p l e t o t h e w o r k i n g s t a n d a r d . A l t e r n a t i o n s o f 6 t o 
7 t i m e s a r e u s u a l l y n e c e s s a r y f o r g o o d r e s u l t s . 
T h e c o n v e n t i o n a l m e t h o d o f r e p r e s e n t i n g s u l f u r - i s o t o p e 
d a t a i s t h e p e r m i l d i f f e r e n c e b e t w e e n t h e - ^ S / ^ 2 S r a t i o 
o f t h e C a n o n D i a b l o s t a n d a r d a n d t h e u n k n o w n b y t h e 
e q u a t i o n 1 
R — R 
6 ^ S ( ° / o o ) - u n k n o w n C a n o n D i a b l o ^ 0 0 0 
R C a n o n D i a b l o 
w h e r e R = 3 \ / 3 2 S . 
I n a c t u a l p r a c t i c e , a w o r k i n g s t a n d a r d i s u s e d i n t h e 
m a s s s p e c t r o m e t e r i n s t e a d o f C a n o n D i a b l o . T h u s , t h e a b o v e 
e q u a t i o n m u s t b e c o r r e c t e d t o t h e w o r k i n g s t a n d a r d , a n d 
a l s o f o r o t h e r v a r i a b l e s , s u c h a s t h e o x y g e n - i s o t o p e c o m ­
p o s i t i o n o f t h e S 0 2 a n d t h e d i s c r i m i n a t i o n p o t e n t i a l o f t h e 
7 
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Diablo is used to determine the 3 S/3 S ratio of the sam-
pIe. This is accomplished by the dual inlet system with 
solenoid-operated valves which allows rapid switching from 
the s2..."!lple to the working standard. Alternations of 6 to 
7 times are usually necessary for good results. 
The conventional method of representing sulfur-isotope 
data is the permil difference between the 34S/32S ratio 
of the Canon Diablo standard and the unknown by the 
equa.tionl 
= 
Runkno~ RCanon Diablo 
RCan  ia lo
10  
 l t ,  i      the
 et r       abo
t  t     i  , a
   l     -i  corn-
i    2   i t  t ti l  the
2 4 8 
m a s s s p e c t r o m e t e r . T h e c o r r e c t e d e q u a t i o n i s ? 
6 3 ' * S - 1 0 9 1 J W n o w n ' R w o r k s t d _ _ ^ 
v/ork. s t d 
R u n k n o w n a n d R w o r k i n g s t a n d a r d a r e d e t e r m i n e d d i r e c t l y b y 
t h e m a s s s p e c t r o m e t e r . 
P r e c i s i o n a n d a c c u r a c y 
T o e v a l u a t e t h e p r e c i s i o n o f t h e l a b o r a t o r y t e c h n i q u e , 
n i n e r e p l i c a t e S 0 2 p r e p a r a t i o n s a n d m a s s s p e c t r o m e t e r r u n s 
w e r e c o m p l e t e d f o r s a m p l e G M - 4 . U n u s u a l r e s u l t s w e r e n o t e d 
i n t h e f i r s t f i v e d e t e r m i n a t i o n s b e c a u s e o f i n a d e q u a t e 
m i x i n g o f t h e c r u s h e d s a m p l e . A s e c o n d f r a c t i o n o f t h i s 
s a m p l e w a s h o m o g e n i z e d i n a n a u t o m a t i c m o r t a r f o r 2 0 
m i n u t e s a n d m o r e c o n s i s t e n t r e s u l t s w e r e o b t a i n e d . 
P o o r l y m i x e d GM-4 W e l l - m i x e d GM-4 
2 . 3 2 0 . 0 7 
5 . 9 1 - 0 . 1 9 
5 . 8 9 0 . 2 5 
1 . 5 3 - 0 . 5 5 
2 . 8 1 
m e a n 3 . © 9 - 0 . 4 2 
s d . d e v . 2 . 0 7 0 . 3 5 
T h i s d a t a i n d i c a t e s t h a t t h e p r o b a b l e e r r o r i s ± 0 , 4 
p e r m i l . T h i s i s s i m i l a r t o e r r o r v a l u e s o b t a i n e d b y 
F i e l d ( I 9 6 0 ) , A m e s ( 1 9 6 2 ) ? C h e n e y ( 1 9 6 4 ) a n d M a u g e r a n d 
o t h e r s ( 1 9 7 3 ) w h o u s e d t h e s a m e m a s s s p e c t r o m e t e r . 
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E x p l a n a t i o n o f d a t a t a b l e 
T h e s u l f u r - i s o t o p e p e r m i l v a l u e s a n d X - r a y - d i f f r a c t i o n 
d a t a f o r t h e s u l f i d e s a r e p r e s e n t e d i n T a b l e 8 , T h e p e r -
m i l v a l u e s a r e l i s t e d i n t h e l a s t c o l u m n . P o s i t i v e 6- S 
v a l u e s a r e n o t i n d i c a t e d b y s i g n , n e g a t i v e v a l u e s a r e . 
N u m b e r s e n c l o s e d i n p a r e n t h e s e s i n d i c a t e a s e c o n d o r t h i r d 
p r e p a r a t i o n a n d m a s s s p e c t r o m e t e r a n a l y s i s o f t h e s a m e 
s a m p l e . V a l u e s e n c l o s e d b y p a r e n t h e s e s a n d u n d e r l i n e d 
r e p r e s e n t a s e c o n d m a s s s p e c t r o m e t e r a n a l y s i s o f t h e s a m e 
s o 2 . 
T a b l e 8 a l s o p r o v i d e s t h e p e a k - h e i g h t d a t a f r o m t h e 
X - r a y a n a l y s e s o f t h e s u l f i d e s , a n d g e n e r a l i z e s t h e s u l f i d e 
m o r p h o l o g y a n d t h e h o s t - r o c k l i t h o l o g y . A b b r e v i a t i o n s u s e d 
i n t h e t a b l e s a r e e x p l a i n e d i n T a b l e 4 . 
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T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s 
n u m b e r M o r p h o l o g y H o s t r o c k P o M P y 6 3 ^ S 
D C T - 1 l a r g e p o d s a n d s t o n e — 2 6 2 , 2 5 
D C T - 2 s u l f i d e c e m e n t s a n d s t o n e — 4 2 1 7 . 8 3 
D C T - 4 l a r g e p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
D C T - 5 l a r g e p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
D C T - 7 l a r g e p o d s a n d s t o n e — 4 4 2 5 . 8 8 
D C T - 8 l a r g e p o d s a n d s t o n e — 1 7 1 3 . 6 5 
D C T - 2 3 A s m a l l p o d m a r l s t o n e 2 4 0 2 7 . 6 2 
D C T - 2 3 B „ •1 — 3 8 2 7 . 5 9 
D C T - 2 3 C •1 — 3 2 3 0 . 0 2 
D C T - 2 3 D ti — 3 1 2 4 . 8 0 
D C T - 2 3 E w — 3 0 3 9 . 8 0 
D C T - 2 3 F 11 — 3 5 2 4 . 3 4 
D C T - 2 3 G 2 4 6 3 1 . 0 1 
D C T - 2 3 H 11 — 4 6 3 7 . 3 9 
D C T - 2 3 I — ^ 5 2 9 . 6 1 
D C T - 2 3 J »• — 4 3 3 2 . 2 6 
D C T - 2 4 s m a l l p o d m a r l s t o n e — 3 ^ 3 . 1 3 
D C T - 2 6 s m a l l p o d m a r l s t o n e — 3 0 1 . 4 1 
D C T - 2 7 s m a l l p o d m a r l s t o n e — 4 1 - 2 . 4 9 
D C T - 2 8 A s p h e r u l e s m a r l s t o n e — 4 ? 3 . 0 8 
D C T - 2 8 B it 11 7 . 8 5 
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T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
S a m p l e 
n u m b e r M o r p h o l o g y H o s t r o c k P o M 
D C T - 2 8 C s p h e r u l e s m a r l s t o n e 1 . 5 7 
D C T - 2 8 D ti 2 . 3 0 
D C T - 2 9 l a r g e p o d m a r l s t o n e — 3 4 - 2 . 8 2 
D C T - 3 0 l a r g e p o d m a r l s t o n e - - 5 8 - 4 . 4 5 
D P R - 7 0 s p h e r u l e s , c u b e s m a r l s t o n e 2 9 1 4 . 3 8 
D P R - 7 2 A s p h e r u l e s , c u b e s m a r l s t o n e — 2 5 5 . 2 0 
D P R - 7 2 B s p h e r u l e m a r l s t o n e — 5 5 2 2 . 0 5 
D P R - 1 4 1 b l e b s , p a t c h e s s i l t s t o n e — 5 2 1 . 6 1 
D P R - 1 4 8 s p h e r u l e s m a r l s t o n e — 3 1 3 3 . 5 ^ 
D P R - 1 4 9 s p h e r u l e s m a r l s t o n e — 3 3 2 4 . 3 3 
D P R - 1 5 0 s p h e r u l e s m a r l s t o n e c o m p l e t e l y o x i d i z e d 
D P R - 1 5 7 p a t c h e s m a r l s t o n e 3 6 . 7 1 
D P R - 1 5 8 m i c r o b o d i e s o i l s h a l e ( m ) 3 5 . 2 1 
D P R - 1 6 0 s t r e a k o i l s h a l e ( I n ) — 3 5 3 2 . 5 2 
D P R - 1 6 1 A s m a l l p o d o i l s h a l e ( I n ) — 3 5 2 9 . 1 4 
D P R - 1 6 1 B K ti 11 ti 11 2 4 6 3 0 . 6 7 
D P R - 1 6 1 C 1! M H 11 ft — 3 2 2 6 . 6 8 
D P R - 1 6 3 m i c r o b o d i e s o i l s h a l e ( l w - m ) 4 6 . 7 6 
D P R - 1 7 5 m i c r o b o d i e s o i l s h a l e ( I n ) c o m p l e t e l y o x i d i z e d 
D P R - 1 ? 8 m i c r o b o d i e s o i l s h a l e ( l w - m ) 3 7 . 2 3 
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T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
M o r p h o l o g y H o s t r o c k P o M P y 6 ^ S 
GM-4 c o n c r e t i o n s i l t s t o n e — — 6 1 2 . 3 2 
( 5 . 9 1 ) 
( 5 . 8 9 ) 
• " • " " ( 1 . 5 3 ) 
( 2 . 8 1 ) 
( C O ? ) 
( - 0 . 1 9 ) 
( 0 . 2 5 ) 
( - 0 . 5 5 ) 
GM-5 c o n c r e t i o n s i l t s t o n e — — 6 2 6 . 6 4 
( 8 . 7 8 ) 
G M - 5 - 1 c o n c r e t i o n f r a c t i o n s i l t s t o n e 1 . 2 9 
G M - 5 - 2 " " " 1 0 . 6 8 
G M - 5 - 3 " " " 1 3 . 9 5 
G M - 5 - 4 A •' " " 5 . 1 0 ( 6 . 2 1 ) 
G M - 5 - 4 B " " " 1 7 . 7 4 
G M - 5 - 4 C *' •• " 1 6 . 1 6 
G M - 5 - 4 D M " , H 1 3 . 8 2 
G M - 5 - 5 " " " 7 . 0 3 
G M - 5 - 6 " M 6 . 4 2 
G M - 5 - 7 H " M - 1 2 . 6 0 
l   -r -diffracti n     sulfides--Continued
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t    1.29
I\~-  " " II 10.6
II It 13.95
 It  (6.21)
-   It 17.74
 It It .. 16.16
- lm It It " J  
-  .. It 7.03
-  It It " .  N \J\ 
N 
-  It It "  
T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
n u m b e r M o r p h o l o g y H o s t r o c k P o M P y 6 3 ^ S 
G M - 5 - 8 c o n c r e t i o n f r a c t i o n s i l t s t o n e - 4 , 7 1 
G M - 5 - 9 " w M 3 . 5 8 
G M - 5 - 1 0 M • 1 . 5 3 
I C - 1 s m a l l p o d m a r l s t o n e 5 — 7 2 8 . 2 1 
I C - 2 s m a l l p o d m a r l s t o n e — 2 4 5 2 8 . 1 4 
MLW-36 m i c r o b o d i e s o i l s h a l e ( l n - l w ) 6 0 . 1 2 ? 
MLW-40 m i c r o b o d i e s o i l s h a l e ( v r ) — 7 3 8 3 8 , 5 9 
M I W - 4 5 b o u d i n a g e o i l s h a l e ( l w - m ) — 1 1 1 4 3 8 , 0 5 
MLY/-48 m i c r o b o d i e s o i l s h a l e ( m - r ) 1 6 4 5 3 7 . 2 5 
MLW-49 s t r e a k s o i l s h a l e ( l n - l w ) 2 4 2 9 4 6 . 4 1 ( 4 1 . 2 6 ) 
MLW-53 m i c r o b o d i e s o i l s h a l e ( m ) 1 7 . 6 7 
MLW-64 b l e b s , s t r e a k s o i l s h a l e ( r ) 3 3 5 
MLW-67 m i c r o b o d i e s o i l s h a l e ( r ) 3 2 . 6 7 
MLW-74 m i c r o b o d i e s o i l s h a l e ( m ) — — 2 1 3 0 . 6 7 
MLW-85 m i c r o b o d i e s o i l s h a l e ( m - r ) — 2 4 7 3 0 . 9 0 
MLW-86 b l e b s , m i c r o b l e b s o i l s h a l e ( l w ) — mmm. 1 9 2 6 . 5 3 
MLW-91 b l e b s , s t r e a k s o i l s h a l e ( l w ) 1 4 7 2 4 4 1 . 2 8 
MLW-95 m i c r o b o d i e s o i l s h a l e ( m ) — 5 3 7 3 8 . 1 4 ( 3 3 . ^ 0 ) 
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Sample r l  t     634number 
r/.-     -4.71
r~ -  " .. "  . .58 
JV:-.5-  .. " " 1 . .5  
-l l  p   S ?  
 l  p rl  .   
-J i    I    
i     ?   . .59 
l 4.        .0.  
l'l1-4 i i        .2.  
   I      
l -. i i    ( )  
 streaks    J J S 
     
i i      
8. i i       
 ro lebs      . .5  
r.~LW  streaks      l~  
i i    S  4  !\) 9.    V\ w 
T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
S a m p l e 
n u m b e r M o r p h o l o g y H o s t r o c k P o M P y 6 3 ^ S 
F - 2 5 - 1 4 m i c r o b o d i e s o i l s h a l e ( r ) — 3 9 3 9 . ^ 3 
R B C - 1 s m a l l p o d s i l t s t o n e 1 1 
R B C - 2 l a r g e p o d s a n d y s i l t s t o n e — 2 7 3 2 . 9 0 
R B C - 3 A s m a l l p o d s a n d s t o n e — 2 2 1 7 . 5 0 
R E C - 3 B s m a l l p o d s a n d s t o n e — 2 3 3 . ^ 0 
R B C - 3 C s m a l l p o d s a n d s t o n e — 1 9 2 5 . 9 7 
R B C - 3 D s m a l l p o d s a n d s t o n e — 1 5 1 3 . 0 5 
R B C - 4 s u l f i d e c e m e n t s a n d y s i l t s t o n e c o m p l e t e l y o x i d i z e d 
R E C - 5 s m a l l p o d s i l t y s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 6 c o n c r e t i o n s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 7 c o n c r e t i o n s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 8 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R E C - 9 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 1 1 s m a l l p o d s i l t s t o n e — 3 2 2 1 . 4 9 
R B C - 1 2 s m a l l p o d s a n d y s i l t s t o n e — 2 3 - 7 . 0 4 
R B C - 1 3 s u l f i d e - r e p l a c e d b o n e c l a y e y s i l t s t o n e — 4 2 3 0 , 1 7 
R B C - 1 5 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 1 6 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 1 7 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 1 8 s m a l l p o d s a n d y s i l t s t o n e c o m p l e t e l y o x i d i z e d 
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l  l   roc   Py 34  l.lr.lbe  
1'-  i    (r)  4  
1?C-l l    
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l  p   
l    4  
ll p    
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l  p  sandstone l t   
  l t   
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-ll l  p    
 l   siltstone   
-l)   siltstone  .  
 l  p  l t   
 ll p  l t   
N 
ll p  l t   \.J\ ~ 
ll p  siltstone l t   
T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
S a m p l e 
n u m b e r M o r p h o l o g y H o s t r o c k P o M P y 6 ^ S 
R E G - 1 9 s m a l l p o d s a n d y s i l t s t o n e c o m p l e t e l y o x i d i z e d 
R B C - 2 0 s m a l l p o d s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R E C - 2 2 l a r g e p o d i n f l o a t — — 3 5 2 3 . 2 9 
R E C - 2 3 c o n c r e t i o n i n f l o a t c o m p l e t e l y o x i d i z e d 
R B C - 2 4 s t r e a k s s a n d s t o n e c o m p l e t e l y o x i d i z e d 
R E P - 7 3 m i c r o b i d i e s o i l s h a l e ( m - r ) 3 2 3 2 7 4 1 . 8 3 
R E P - 8 4 m i c r o b o d i e s o i l s h a l e ( r ) — - - 6 6 6 . 1 6 ( 6 5 . I O ) 
R E P - 8 8 A b l e b s o i l s h a l e ( i n ) 4 1 . 2 6 
R E P - 8 8 B b l e b s o i l s h a l e ( I n ) — 3 1 7 4 0 . 4 7 
R B P - 8 9 b o u d i n a g e o i l s h a l e ( m ) 5 3 2 1 3 8 . 5 2 
R B P - 9 1 s t r e a k s , l e n s e s o i l s h a l e ( m - r ) — — 4 2 3 8 . 1 7 ( 3 9 . 5 8 ) 
R B P - 9 4 b o u d i n a g e o i l s h a l e ( l n - l w ) 2 8 3 2 4 4 . 1 4 ( 4 3 . 4 0 ) 
R B P - 9 5 A b l e b s , m i c r o b o d i e s o i l s h a l e ( m ) 2 6 9 3 8 4 0 . 5 3 
R B P - 9 5 B b l e b s , s t r e a k s o i l s h a l e ( m ) 4 7 2 1 4 3 . 7 6 
R B P - 1 2 0 m i c r o b o d i e s o i l s h a l e ( m ) 3 7 . 8 0 
R B P - 1 2 1 m i c r o b o d i e s o i l s h a l e ( r ) 2 8 . 2 0 
R B P - 1 2 5 m i c r o b o d i e s o i l s h a l e ( r ) - 4 5 3 9 2 2 . 3 7 
R B P - 1 2 6 m i c r o b o d i e s o i l s h a l e ( v r ) 5 5 4 8 2 8 . 1 1 ( 2 8 . 9 0 ) 
R B P - 1 2 8 m i c r o b o d i e s o i l s h a l e ( v r ) — — 5 3 0 . 7 6 
R B P - 1 2 9 m i c r o b o d i e s o i l s h a l e ( v r ) — 3 2 3 3 0 . 0 7 
l   -r -diffracti n     sulfides--Continue
I!lpl  r l  t roc   y 034S r 
C  ll p   siltstone l t l   
 ll  l t l   
B    float   
B  r t   float l t l   
   l t l   
B  i i i   shale     
 i i   shale    C~!2.l0  
   shale  I   
   shale     
 i   sr.    
-9l  lenses  shale     
 i   shale I       
  icrob i s  shale     
E  p streaks  shale    
E  i i   shale   
- l i i   shale   
 i i   shale  .     
 i i   shale       I\) 
 i i   shale    \.J\ V\ 
 i i   shale    
T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
S a m p l e 
n u m b e r M o r p h o l o g y H o s t r o c k P o M P y 6 ^ S 
R B P - 1 4 2 m i c r o b o d i e s o i l s h a l e ( m - r ) 3 2 6 2 0 3 ^ . 0 7 
R B P - 1 4 3 m i c r o b o d i e s o i l s h a l e ( m ) 5 1 0 1 5 3 5 . 3 8 
R B P - 1 4 4 m i c r o b o d i e s o i l s h a l e ( r ) 1 1 5 1 2 4 7 . 0 1 
R E P - 1 5 6 m i c r o b o d i e s o i l s h a l e ( m ) 3 1 8 3 7 2 9 . 9 5 
W 0 S - 1 m i c r o b o d i e s o i l s h a l e ( l n - l w ) 4 1 ^ 9 . 5 3 ( 4 5 . 1 6 ) 
WOS-2 m i c r o b o d i e s o i l s h a l e ( in) — — 4 9 2 9 . 7 7 
W O S - 3 m i c r o b o d i e s o i l s h a l e ( m ) — 6 3 7 2 6 . 5 7 
W 0 S - 4 s t r e a k s o i l s h a l e ( m ) — — 4 1 2 6 . 5 9 
w o s - 5 b l e b s , s t r e a k s o i l s h a l e ( l w - m ) — 2 4 7 3 3 . 5 8 
WGS-6 b l e b s , s t r e a k s o i l s h a l e ( l w - m ) — 2 3 5 3 5 . 5 0 
W O S - 7 b a n d , s t r e a k s o i l s h a l e ( l w - m ) — 9 2 8 4 0 . 7 2 
W O S - 8 b o u d i n a g e o i l s h a l e ( m ) - - 3 3 5 3 9 . 9 1 
WOS-9 b o u d i n a g e , s t r e a k s o i l s h a l e ( l w - m ) — 8 4 5 3 8 . 5 0 ( 3 3 . 3 7 ) 
W O S - 1 0 b l e b s , s t r e a k s o i l s h a l e ( I n ) — 4 4 1 2 9 . 1 2 
V / O S - 1 1 b l e b s , s t r e a k s o i l s h a l e ( l w ) 3 5 . 7 9 
W O S - 1 2 b a n d o i l s h a l e ( l w - m ) — 6 4 4 3 1 . 0 3 
W O S - 1 3 b a n d o i l s h a l e ( l w - m ) 2 1 0 3 0 3 0 . 7 8 
W O S - 1 4 m i c r o b o d i e s o i l s h a l e ( I n ) 5 1 2 4 2 5 . 7 8 
w o s - 1 5 s t r e a k s o i l s h a l e ( m ) 1 0 8 1 7 2 6 . 5 7 
w o s - 1 6 b o u d i n a g e , s t r e a k s o i l s h a l e ( l w - m ) — 1 6 4 4 3 2 . 7 3 
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 .:.'il I   t roc  y 03 4S  
 i        4.  
i i         
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 i i  .l      
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i i       
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'1105-   streaks       jL s ~ 1:.7. Cff, 
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 streaks       
      
, streaks       (:2 8 .:22) 
IO  streaks       
W -ll  streaks     
       
       )   
wos-  i i        
   
!\) 
WOS-       \J'\ 
0\ 
WOS-  , streaks       
T a b l e 8 . X - r a y - d i f f r a c t i o n a n d i s o t o p i c d a t a f o r s u l f i d e s — C o n t i n u e d 
S a m p l e 
n u m b e r M o r p h o l o g y H O S T r o c k P o M P y 
6 3 ^ S 
W 0 S - 1 7 A b l e b s o i l s h a l e ( l w - m ) 2 1 5 3 8 3 2 . 1 6 
W 0 S - 1 7 B b l e b s , s t r e a k s o i l s h a l e ( l w - m ) — 9 3 2 3 2 . 1 5 
W O S - 1 8 b l e b s , s t r e a k s o i l s h a l e ( » ) 7 7 3 6 3 5 . 0 7 
W 0 S - 1 9 A b o u d i n a g e o i l s h a l e ( m - r ) 1 5 1 6 2 6 2 9 . 3 5 
W 0 S - 1 9 B b o u d i n a g e o i l s h a l e ( m - r ) 1 2 1 4 1 8 3 2 . 1 7 
W O S - 2 0 b a n d o i l s h a l e ( l n - l w ) 5 3 . 9 5 
W O S - 2 1 b a n d o i l s h a l e ( l n - l w ) — — 2 6 3 0 . 0 3 
W O S - 2 2 b l e b s , s t r e a k s o i l s h a l e ( m ) — 2 3 0 2 5 . 4 2 
W O S - 2 3 b l e b s , s t r e a k s o i l s h a l e ( m - r ) 2 5 . 2 0 
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l  r l  os,; roc   Py 4  r 
OS-    shale    ~r. 16 -,G  
OS-   streaks  shale     
a   streaks  shale (m)     
vW -    shale      
C -    shale      
,I,' ~- 6_ ..,!;-
'tl    shale I   
  shale I I    
 streaks  shale   
 streaks  shale   
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C o m m i t t e e o n G e o l o g i c T i m e , p . 3 2 - 4 2 . 
, 1 9 4 8 , L i m n o l o g y a n d t h e E o c e n e l a k e s o f t h e R o c k y 
M o u n t a i n r e g i o n : G e o l , S o c , A m e r i c a B u l l , , v . 5 9 . 
p . 6 3 6 - 6 4 8 . 
1 9 6 4 , G e o l o g y o f t h e G r e e n R i v e r F o r m a t i o n a n d a s s o c ­
i a t e d E o c e n e r o c k s i n s o u t h w e s t e r n W y o m i n g a n d a d j a c e n t 
p a r t s o f C o l o r a d o a n d U t a h : U . S . G e o l . S u r v e y P r o f . 
P a p e r 4 9 6 - A , 8 6 p . 
1 9 7 0 , G r e e n R i v e r o i l s h a l e — c o n c e p t o f o r i g i n e x t e n d e d -
a n i n t e r d i s c i p l i n a r y p r o b l e m b e i n g a t t a c k e d f r o m 
b o t h e n d s : G e o l . S o c . A m e r i c a B u l l . , v . 8 1 , p . 9 8 5 -
1 0 0 0 . 
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1 9 7 3 , O i l s h a l e f o r m e d i n d e s e r t e n v i r o n m e n t i G r e e n 
R i v e r F o r m a t i o n , W y o m i n g i G e o l . S o c . A m e r i c a B u l l . , 
v . 8 4 , p . 1 1 2 1 - 1 1 2 4 . 
B r a d l e y , W . H . , a n d E u g s t e r , H . D . , 1 9 6 9 , G e o c h e m i s t r y a n d 
p a l e o l i m n o l o g y o f t h e t r o n a d e p o s i t s a n d a s s o c i a t e d 
a u t h i g e n i c m i n e r a l s o f t h e G r e e n R i v e r F o r m a t i o n o f 
W y o m i n g : U . S . G e o l . S u r v e y P r o f . P a p e r 4 9 6 - B , 7 1 p . 
B r o b s t , D . A . , a n d T u c k e r , J . D . , 1 9 7 3 » X - r a y m i n e r a l o g y o f 
t h e P a r a c h u t e C r e e k M e m b e r , G r e e n R i v e r F o r m a t i o n , i n 
t h e n o r t h e r n P i c e a n c e C r e e k B a s i n , C o l o r a d o : U . S . 
G e o l . S u r v e y P r o f . P a p e r 8 0 3 , 5 3 p . 
B r u n s k i l l , G . J . , 1 9 6 9 , F a y e t t e v i l l e G r e e n L a k e , New Y o r k , 
I I . P r e c i p i t a t i o n a n d s e d i m e n t a t i o n o f c a l c i t e i n a 
m e r o m i c t i c l a k e w i t h l a m i n a t e d s e d i m e n t s : L i m n o l . 
O c e a n o g . , v . 1 4 , p . 8 3 0 - 8 4 7 . 
B u r n i e , S . W . , S c h w a r c z , H . P . , a n d C r o c k e t , J . H , , 1 9 7 2 , A 
s u l f u r i s o t o p i c s t u d y o f t h e W h i t e P i n e M i n e , M i c h i ­
g a n : E c o n . G e o l o g y , v . 6 7 , p . 8 9 5 - 9 1 4 . 
B u s s o n , G . , L u d l a m , S . a n d N o e l , D . , 1 9 7 2 , L ' i m p o r t a n c e d e s 
d i a t o m e e s d a n s l e s d e p o t s a c t u e l s v a r v e s ( a l t e r n a n c e 
d e c o u c h e s a n n u e l l e s ) d e G r e e n L a k e ( p r e s F a y e t t e v i l l e , 
N . Y . ) , m o d e l e d e s e d i m e n t a t i o n c o n f i n e e : A c a d , S c i . 
/ " P a r i s / . C o m p t e s R e n d u s , v . 2 7 4 , p . 3 0 4 4 - 3 0 4 7 . 
B y r n e , J . V . , a n d E m e r y , K , 0 , , i 9 6 0 , S e d i m e n t s o f t h e G u l f 
o f C a l i f o r n i a : G e o l , S o c . A m e r i c a B u l l . , v . 7 1 , 
p . 9 3 3 - 1 0 1 0 . 
C a l v e r t , S . E . , 1 9 6 4 , F a c t o r s a f f e c t i n g d i s t r i b u t i o n o f 
l a m i n a t e d d i a t o m a c e o u s s e d i m e n t s i n t h e G u l f o f 
C a l i f o r n i a : Am. A s s o c . P e t r o l e u m G e o l o g i s t s Mem. 3 , 
p . 3 1 1 - 3 3 0 . 
C a m p b e l l , C . V . , 1 9 6 7 , L a m i n a , l a m i n a s e t , b e d a n d b e d s e t : 
S e d i m e n t o l o g y , v , 8 , p . 7 - 2 6 . 
C a s h i o n , W . B . , 1 9 5 7 , S t r a t i g r a p h i c r e l a t i o n s a n d o i l s h a l e 
o f t h e G r e e n R i v e r F o r m a t i o n i n t h e e a s t e r n U i n t a 
B a s i n , i n I n t e r m o u n t a i n A s s o c . P e t r o l e u m G e o l o g i s t s 
G u i d e b o o k 8 t h A n n , F i e l d C o n f , , G e o l o g y o f t h e U i n t a 
B a s i n , 1 9 5 7 . p . 1 3 1 - 1 3 5 . 
1 9 6 7 , G e o l o g y a n d f u e l r e s o u r c e s o f t h e G r e e n R i v e r 
F o r m a t i o n ; s o u t h e a s t e r n U i n t a B a s i n , U t a h a n d C o l o r a d o : 
U . S . G e o l . S u r v e y P r o f , P a p e r 5 4 8 , 4 8 p . 
C a s h i o n , W . B . , a n d D o n n e l l , 1 9 7 ^ , R e v i s i o n o f n o m e n c l a t u r e 
o f t h e u p p e r p a r t o f t h e G r e e n R i v e r F o r m a t i o n , P i c e a n c e 
C r e e k B a s i n , C o l o r a d o , a n d e a s t e r n U i n t a B a s i n , U t a h : 
U . S . G e o l . S u r v e y B u l l . 1 3 9 4 - G , 9 p . 
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C - E - R - G e o n u c l e a r ( 1 9 6 9 , P r e l i m i n a r y f e a s i b i l i t y s t u d y f o r 
a n u c l e a r i n s i t u o i l - s h a l e e x p e r i m e n t i n t h e a r e a o f 
t h e Y/OSCO E X - I w e l l , U i n t a h C o u n t y , U t a h i u n p u b l i s h e d 
r e p o r t , 1 8 6 p . 
C h a p i n , C . E . , 1 9 7 4 , T h r e e - f o l d t e c t o n i c s u b d i v i s i o n o f t h e 
C e n o z o i c i n t h e C o r d i l l e r a n F o r e l a n d o f C o l o r a d o , New 
M e x i c o , a n d A r i z o n a ( a b s , ) : G e o l . S o c , A m e r i c a A b s . 
w i t h P r o g r a m s , v . 6 , n o . 5 , P . ^ 3 3 . 
C h e n e y , E . S . , 1 9 6 4 , S t a b l e i s o t o p i c g e o l o g y o f t h e G a s 
H i l l s U r a n i u m D i s t r i c t , W y o m i n g ( P h . D . t h e s i s ) . New 
H a v e n , Y a l e U n i v e r s i t y , y\2 p , 
C h e n e y , E . S . , a n d J e n s e n , M . L . , 1 9 6 6 , T h e s t a b l e i s o t o p i c 
g e o l o g y o f t h e G a s H i l l s U r a n i u m D i s t r i c t , W y o m i n g . 
E c o n . G e o l o g y , v , 6 1 , p . 4 4 - 7 1 . 
C o l e , R . D . , W i l l i a m s o n , C . R . , P i c a r d , M . D . , a n d J e n s e n , 
M . L . , 1 9 7 3 . F r a c t i o n a t i o n o f s t a b l e o x y g e n i s o t o p e s i n 
c a r b o n a t e r o c k s o f t h e G r e e n R i v e r F o r m a t i o n , e a s t e r n 
U t a h a n d w e s t e r n C o l o r a d o ( a b s . ) : G e o l , S o c , A m e r i c a 
A b s . w i t h P r o g r a m s , v . 5 , n o . 6 , p . 4 7 2 , 
C o l e , R . D . , a n d P i c a r d , M , D . , 1 9 7 ^ , C y c l i c a l c l a s t i c - c a r b o ­
n a t e d e p o s i t i o n i n t h e l o w e r G r e e n R i v e r F o r m a t i o n 
( E o c e n e ) , D o u g l a s C r e e k A r c h , C o l o r a d o ( a b s , ) : G e o l . 
S o c . A m e r i c a A b s , w i t h P r o g r a m s , v . 6 , n o . 5 . » p . ^ 3 5 • 
C u r r y , H . D . , 1 9 5 7 , F o s s i l t r a c k s o f E o c e n e v e r t e b r a t e s , 
s o u t h w e s t e r n U i n t a B a s i n , U t a h , i n I n t e r m o u n t a i n A s s o c . 
P e t r o l e u m G e o l o g i s t s G u i d e b o o k 8 t h A n n . F i e l d C o n f . , 
G e o l o g y o f t h e U i n t a B a s i n , U t a h , 1 9 5 7 - p . 4 2 - 4 7 . 
1 9 6 4 , O i l - c o n t e n t c o r r e l a t i o n s o f G r e e n R i v e r o i l 
s h a l e s , U i n t a a n d P i c e a n c e C r e e k B a s i n s , i n I n t e r m o u n ­
t a i n A s s o c . P e t r o l e u m G e o l o g i s t s G u i d e b o o k 1 3 t h A n n , 
F i e l d C o n f . , t h e U i n t a B a s i n , 1 9 6 4 : p . 1 6 9 - 1 7 1 . 
D a n e , C . H . , 1 9 5 4 , S t r a t i g r a p h i c a n d f a c i e s r e l a t i o n s h i p s o f 
u p p e r p a r t o f G r e e n R i v e r F o r m a t i o n a n d l o w e r p a r t o f 
U i n t a F o r m a t i o n i n D u c h e s n e , U i n t a h a n d W a s a t c h 
C o u n t i e s , U t a h : Am. A s s o c . P e t r o l e u m G e o l o g i s t s B u l l . , 
v . 3 8 , p . 4 0 5 - 4 2 5 . 
1 9 5 5 , S t r a t i g r a p h i c a n d f a c i e s r e l a t i o n s h i p s o f t h e 
u p p e r p a r t o f t h e G r e e n R i v e r F o r m a t i o n a n d l o w e r p a r t 
o f t h e U i n t a F o r m a t i o n i n D u c h e s n e , U i n t a h , a n d W a s a t c h 
C o u n t i e s , U t a h : U . S . G e o l . S u r v e y O i l a n d G a s i n v , 
P r e l i m . C h a r t O C - 5 2 . 
D a v i e s , G . R . , a n d L u d l a m , S . D . , 1 9 7 3 , O r i g i n o f l a m i n a t e d 
a n d g r a d e d s e d i m e n t s , m i d d l e D e v o n i a n o f w e s t e r n 
C a n a d a : G e o l , S o c , A m e r i c a B u l l , , v , 8 4 , p , 3 5 2 7 - 3 5 ^ 6 . 
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2 6 2 
D e e v e y , E . S . , J r . , 1 9 3 9 , S t u d i e s 021 C o n n e c t i c u t l a k e 
s e d i m e n t s 1 Am. J o u r , S c i . , v . 2 3 7 , p , 7 0 1 . 
D e e v e y , E . S . , J r . , N a k a i , M . , a n d S t u i v e r , M . , 1963, 
F r a c t i o n a t i o n o f s u l f u r a n d c a r b o n i s o t o p e s i n a 
m e r o m i c t i c l a k e , S c i e n c e , v . 1 3 9 , p . 4 0 7 - 4 0 8 , 
D e s b o r o u g h , G . A . , P i t m a n , J . K . , a n d D o n n e l l , J . R . , 1 9 7 3 , 
M i c r o p r o b e a n a l y s i s o f b i o t i t e s - - a m e t h o d o f c o r r e l a t ­
i n g t u f f b e d s i n t h e G r e e n R i v e r F o r m a t i o n , C o l o r a d o 
a n d U t a h : U . S . G e o l , S u r v e y J o u r , R e s e a r c h , v . 1 , 
p . 3 9 - ^ . 
D i n e l e y , D . L . , a n d W i l l i a m s , B . P . J . , 1 9 6 8 , S e d i m e n t a t i o n 
a n d p a l e o e c o l o g y o f t h e D e v o n i a n E s c u m a n a c F o r m a t i o n 
a n d r e l a t e d s t r a t a , E s c u m i n a c B a y , Q u e b e c , i n K l e i n , 
G . d e V , , e d . , L a t e P a l e o z o i c a n d M e s o z o i c c o n t i n e n t a l 
s e d i m e n t a t i o n , n o r t h e a s t e r n N o r t h A m e r i c a : G e o l , 
S o c , A m e r i c a S p e c . P a p e r 1 0 6 , p . 2 4 1 - 2 6 4 . 
D o n n e l l , J . R . , 1 9 5 3 , C o l u m n a r s e c t i o n o f r o c k s e x p o s e d 
b e t w e e n R i f l e a n d D e B e q u e C a n y o n , C o l o r a d o , i n R o c k y 
M o u n t a i n A s s o c . G e o l o g i s t s G u i d e b o o k , F i e l d C o n f . , 
n o r t h w e s t e r n C o l o r a d o , 1 9 5 3 * p . 1 ^ . 
1 9 5 7 , P r e l i m i n a r y r e p o r t o n o i l - s h a l e r e s o u r c e s o f 
P i c e a n c e C r e e k B a s i n , n o r t h w e s t e r n C o l o r a d o : U . S . G e o l . 
S u r v e y B u l l . 1 0 4 2 - H , p . 2 5 5 - 2 7 1 . 
_ 1 9 6 l a , T e r t i a r y g e o l o g y a n d o i l - s h a l e r e s o u r c e s o f t h e 
P i c e a n c e C r e e k B a s i n b e t w e e n t h e C o l o r a d o a n d W h i t e 
R i v e r s , n o r t h w e s t e r n C o l o r a d o : U . S . G e o l . S u r v e y B u l l . 
1 0 8 2 - L , p . 8 3 5 - 8 8 7 . 
1 9 6 l b t T r i p a r t i t i o n o f t h e W a s a t c h F o r m a t i o n n e a r 
D e B e q u e i n n o r t h w e s t C o l o r a d o : U . S . G e o l . S u r v e y P r o f . 
P a p e r 4 2 4 - B , p . 1 4 7 - 1 4 8 . 
1 9 6 5 , G e o l o g y a n d o i l - s h a l e r e s o u r c e s o f t h e G r e e n 
R i v e r F o r m a t i o n : M t n . G e o l o g i s t , v . 2 . p . 9 5 - 1 0 0 . 
I 9 6 9 , P a l e o c e n e a n d l o w e r E o c e n e u n i t s i n t h e s o u t h e r n 
" p a r t o f t h e P i c e a n c e C r e e k B a s i n , C o l o r a d o : U . S . G e o l . 
S u r v e y B u l l . 1 2 7 4 - M , 1 8 p . 
D o n n e l l , J . R . , a n d B l a i r , R . W . , J r . , 1 9 7 0 , R e s o u r c e a p p r a i s a l 
o f t h r e e r i c h o i l - s h a l e z o n e s i n t h e G r e e n R i v e r F o r ­
m a t i o n , P i c e a n c e C r e e k B a s i n , C o l o r a d o , i n G a r y , J . H . , 
e d . , S y n t h e t i c l i q u i d f u e l s f r o m o i l s h a l e , t a r s a n d s , 
a n d c o a l - - a s y m p o s i u m : C o l o r a d o S c h o o l M i n e s Q u a r t . , 
v . 6 5 , p . 7 3 - 8 7 . 
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2 6 3 
D u n c a n , D . C , a n d D e n s o n , N . M . , 1 9 ^ 9 , G e o l o g y o f N a v a l 
O i l - S h a l e R e s e r v e s 1 a n d 3 , G a r f i e l d C o u n t y , C o l o r a d o i 
U . S . G e o l . S u r v e y O i l a n d G a s I n v . P r e l i m . Map 9 4 , 
D u n c a n , D . C , a n d S w a n s o n , V . E . , 1 9 6 5 , O r g a n i c - r i c h s h a l e 
o f t h e U n i t e d S t a t e s a n d w o r l d l a n d a r e a s : U . S . G e o l . 
S u r v e y C i r c . 5 2 3 , p . 1 0 - 1 3 . 
E g g l e t o n , F . E . , 1 9 5 6 , T h e l i m n o l o g y o f a m e r o m i c t i c i n t e r -
g l a c i a l p l u n g e b a s i n l a k e : Am. M i c r o s c o p i c S o c , T r a n s , 
v . 7 5 , P . 3 3 ^ - 3 7 8 . 
E m e r y , K . O . , i 9 6 0 , T h e s e a o f f s o u t h e r n C a l i f o r n i a : New 
Y o r k , J o h n W i l e y a n d S o n s , 3 6 6 p . 
E p i s , R . C , a n d C h a p i n , C . E . , 1 9 7 3 , G e o m o r p h i c a n d t e c t o n i c 
i m p l i c a t i o n s o f t h e p o s t - L a r a m i d e , l a t e E o c e n e e r o s i o n 
s u r f a c e i n t h e s o u t h e r n R o c k y M o u n t a i n a r e a ( a b s . ) : 
G e o l . S o c , A m e r i c a A b s , w i t h P r o g r a m s , v , 5 , n o , 6 , 
P . ^ - 7 9 . 
F a r r a n d , M . , 1 9 7 0 , F r a m b o i d a l s u l f i d e s p r e c i p i t a t e d s y n ­
t h e t i c a l l y : M i n e r a l . D e p o s i t a ( B e r l . ) , v , 5 , p . 2 3 7 -
2 4 7 . 
F e e l y , K , W . , a n d K u l p , J . L . , 1 9 5 7 , O r i g i n o f g u l f c o a s t 
s a l t - d o m e s u l f u r d e p o s i t s 1 Am. A s s o c . P e t r o l e u m 
G e o l o g i s t s B u l l , , v . 4 i , p . 1 8 0 2 - 1 8 5 3 , 
F i e l d , C . W . , i 9 6 0 , S u l f u r i s o t o p e s a n d t h e o r i g i n o f s a n d ­
s t o n e - t y p e u r a n i u m d e p o s i t s ( P h . D . t h e s i s ) : New 
H a v e n , Y a l e U n i v e r s i t y , 2 5 4 p . 
F o l k , R . L . , 1 9 7 ^ , P e t r o l o g y o f s e d i m e n t a r y r o c k s : A u s t i n , 
H e m p h i l l P u b l i s h i n g C o . , 1 8 2 p . 
G a l e , H . S , , . 1 9 1 0 , C o a l f i e l d s o f n o r t h w e s t e r n C o l o r a d o a n d 
n o r t h e a s t e r n U t a h : U . S . G e o l . S u r v e y B u l l . 4 1 5 , 2 6 5 p . 
G a r r e l s , R . M . , a n d C h r i s t , C . L . , 1 9 6 5 , S o l u t i o n s , m i n e r a l s , 
a n d e q u i l i b r i a : New Y o r k , H a r p e r a n d R o w , 4 5 0 p . 
G o d d a r d , S . N , , c h r n . , a n d o t h e r s , 1 9 7 0 , R o c k - c o l o r c h a r t : 
W a s h i n g t o n , N a t l . R e s e a r c h C o u n c i l ( r e p u b l i s h e d b y 
G e o l . S o c . A m e r i c a , 1 9 7 0 ) , 6 p . 
G r e y , D . C , a n d B e n n e t t , R , , 1 9 7 2 , A p r e l i m i n a r y l i m n o l o g i c 
h i s t o r y o f G r e a t S a l t L a k e , i n T h e G r e a t S a l t L a k e a n d 
U t a h ' s w a t e r r e s o u r c e s — p r o c e e d i n g s o f f i r s t a n n u a l 
c o n f e r e n c e : Am, W a t e r R e s o u r c e s A s s o c i a t i o n , U t a h 
S e c t i o n , p . 3 - 1 8 , 
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G r o s s , M . G . , a n d G u c l u e r , S . M . , 1 9 6 4 , R e c e n t m a r i n e s e d ­
i m e n t s i n S a a s n i c h I n l e t , a s t a g n a n t m a r i n e b a s i n s 
L i m n o l . O c e a n o g . , v . 9# p . 3 5 9 - 3 7 6 . 
G r o s s , M , G , , G u c l u e r , S . M . , C r e a g e r , J . S , , a n d D a w s o n , W, 
A . , 1 9 6 3 , V a r v e d m a r i n e s e d i m e n t s i n a s t a g n a n t 
f i j o r d : S c i e n c e , v , l 4 l , p . 9 1 8 - 9 1 9 . 
G w y n n , J . W . , 1 9 7 0 , I n s t r u m e n t a l a n a l y s i s o f t a r s a n d t h e i r 
c o r r e l a t i o n s i n o i l - i m p r e g n a t e d s a n d s t o n e b e d s , 
U i n t a h a n d G r a n d C o u n t i e s , U t a h ( P h . D . t h e s i s ) . S a l t 
L a k e C i t y , U n i v e r s i t y o f U t a h , 1 3 0 p . 
H a m b l i n , W . K , , 1 9 6 1 , M i c r o - c r o s s - l a m i n a t i o n i n u p p e r 
K e w e e n a w a n s e d i m e n t s o f n o r t h e r n M i c h i g a n 1 J o u r . S e d . 
P e t r o l o g y , v . 3 1 , p . 3 9 0 - 4 0 1 . 
H a r r i s o n , A . G . , a n d T h o d e , H . G . , 1 9 5 7 . K i n e t i c i s o t o p e 
e f f e c t i n c h e m i c a l r e d u c t i o n o f s u l f a t e : F a r a d a y 
S o c . T r a n s . , v . 5 3 , p . 1 6 4 8 - 1 6 5 1 , 
1 9 5 8 a , S u l f u r i s o t o p e a b u n d a n c i e s i n h y d r o c a r b o n s a n d 
s o u r c e r o c k s o f U i n t a B a s i n , U t a h : Am, A s s o c . P e t r o l e u m 
G e o l o g i s t s B u l l . , v , 4 2 , p . 2 6 4 2 - 2 6 4 4 . 
1 9 5 8 b , M e c h a n i s m o f t h e b a c t e r i a l r e d u c t i o n o f s u l ­
f a t e f r o m i s o t o p e f r a c t i o n a t i o n s t u d i e s : F a r a d e i y 
S o c . T r a n s . , v , 5 4 , p . 8 4 - 9 2 . 
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H a r t m a n , M . , a n d N i e l s e n , H . , I 9 6 9 , 6 S - W e r t e i n r e z e n t e n 
M e e r e s s e d i m e n t e n u n d i h r e D e u t u n g am B e i s p i e l e i n i g e r 
S e d i m e n t p r o f i l e a u s d e r w e s t l i c h e n O s t s e e : G e o l . 
R u n d s c h a u , v . 5 8 , p . 6 2 1 - 6 5 5 . 
H a u n , J . D . , a n d W e i m e r , R . J . , I 9 6 0 , C r e t a c e o u s s t r a t i g r a p h y 
o f C o l o r a d o , i n W e i m e r , R . J . , a n d H a u n , J . D . , e d s . / 
G u i d e t o t h e g e o l o g y o f C o l o r a d o : G e o l , S o c , A m e r i c a , 
T h e R o c k y M t n . A s s o c G e o l o g i s t s , a n d C o l o r a d o S c i , 
S o c . , D e n v e r , C o l o r a d o , p . 5 8 - 6 5 . 
H a y d e n , F . V . , 1 8 6 9 , P r e l i m i n a r y f i e l d r e p o r t o f t h e U . S . 
G e o l o g i c a l S u r v e y o f C o l o r a d o a n d New M e x i c o : U . S . 
G e o l . a n d G e o g . S u r v e y o f t h e T e r r i t o r i e s A n n . R e p t . 
3 , 1 5 5 P . 
H i g h , L . R . , J r . , a n d P i c a r d , M . D . , 1 9 6 5 , S e d i m e n t a r y p e t ­
r o l o g y a n d o r i g i n o f a n a l c i m e - r i c h P o p o A g i e M e m b e r , 
C h u g w a t e r ( T r i a s s i c ) F o r m a t i o n , w e s t - c e n t r a l W y o m i n g : 
J o u r . S e d . P e t r o l o g y , v . 3 5 , p . 4 9 - 7 0 . 
H o e f s . J , , 1 9 7 3 , S t a b l e i s o t o p e g e o c h e m i s t r y : New Y o r k , 
S p r i n g e r - V e r l a g , 1 4 0 p . 
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H o l s e r , W . „ T . , a n d K a p l a n , I . R . , 1 9 6 6 , I s o t o p i c g e o c h e m i s t r y 
o f s e d i m e n t a r y s u l f a t e . C h e m . G e o l o g y , v , 1 , p . 9 3 -
1 3 5 . 
K o s t e r m a n , J . W . , a n d D y n i , J . R . , 1 9 7 2 , C l a y m i n e r a l o g y o f 
t h e G r e e n R i v e r F o r m a t i o n , P i c e a n c e C r e e k E a s i n , C o l o ­
r a d o — a p r e l i m i n a r y s t u d y . U . S . G e o l , S u r v e y P r o f . 
P a p e r 8 0 0 - D , p . 1 5 9 - I 6 3 . 
H u l s e m a n n , J . , a n d E m e r y , K . G . , 1 9 6 1 , S t r a t i f i c a t i o n i n 
r e c e n t s e d i m e n t s o f S a n t a E a r b r a B a s i n a s c o n t r o l l e d 
b y o r g a n i s m s a n d v / a t e r c h a r a c t e r : J o u r . G e o l o g y , v . 
6 9 , p . 2 7 9 - 2 9 0 . 
H u t c h i n s o n , G . E . , 1 9 5 7 , A t r e a t i s e o n l i m n o l o g y , v o l . 1 , 
G e o g r a p h y , p h y s i c s , a n d c h e m i s t r y . New Y o r k , J o h n 
W i l e y , 1 0 1 5 p", 
I n g r a m , R . L . , 1 9 5 ^ - , F i s s i l i t y o f m u d r o c k s i G e o l . S o c . 
A m e r i c a B u l l , , v . 6 4 , p . 8 6 9 - 8 7 8 . 
J a f f e , F . C . , 1 9 6 2 , G e o l o g y a n d m i n e r a l o g y o f t h e o i l 
s h a l e s o f t h e G r e e n R i v e r F o r m a t i o n , C o l o r a d o , U t a h 
a n d W y o m i n g , p t , 2 o f O i l S h a l e : C o l o r a d o S c h o o l 
M i n e s M i n e r a l I n d u s t r i e s B u l l , , v . 5 , 1 6 p . 
J e n s e n , M . L . , 1 9 5 9 , S u l f u r i s o t o p e s a n d h y d r o t h e r m a l 
m i n e r a l d e p o s i t s : E c o n . G e o l o g y , v . 5^» P . 3 7 4 - 3 9 ^ . 
I 9 6 3 , T h e b e a r i n g o f s u l f u r i s o t o p e s o n C o l o r a d o 
P l a t e a u u r a n i u m a n d p e t r o l e u m d e p o s i t s , i n C r a w f o r d , 
A . L . , e d . , O i l a n d g a s p o s s i b i l i t i e s o f U t a h , r e ­
e v a l u a t e d : U t a h G e o l . a n d M i n e r a l o g . S u r v e y B u l l , 
5 ^ , P . 2 7 5 - 2 8 4 . 
I 9 6 5 , B a c t e r i o g e n i c s u l f u r i s o t o p i c r a t i o s i n g e o l o g y : 
B e i t r a g e z u r M i n e r a l o g i e u n d P e t r o g r a p h i e , v . 1 1 , 
p . 4 0 5 - 4 1 4 . 
I 9 6 7 , S u l f u r i s o t o p e s a n d m i n e r a l g e n e s i s , i n B a r n e s , 
H . L . , e d , , G e o c h e m i s t r y o f h y d r o t h e r m a l o r e d e p o s i t s : 
New Y o r k , H o l t , R i n e h a r t a n d W i n s t o n I n c . , p . 1 4 3 - 1 6 5 . 
J e n s e n , M . L . , a n d D e s s a u , G . , I 9 6 7 , T h e b e a r i n g o f s u l f u r 
i s o t o p e s o n t h e o r i g i n o f M i s s i s s i p p i V a l l e y t y p e 
d e p o s i t s : E c o n . G e o l o g y M o n . 3 , p . 4 0 0 - 4 0 9 . 
J e n s e n M . L . , a n d N a k a i , N . , 1 9 6 l , S o u r c e s a n d i s o t o p i c c o m ­
p o s i t i o n o f a t m o s p h e r i c s u l f u r : S c i e n c e , v . 1 3 4 , p , 
2 1 0 2 - 2 1 0 4 , 
_ _ _ 1 9 c 3 , S u l f u r i s o t o p e m e t e o r i t e s t a n d a r d s , r e s u l t s a n d 
r e c o m m e n d a t i o n s , i n J e n s e n , M . L . , e d , , B i o g e o c h e m i s t r y 
o f s u l f u r i s o t o p e s : P r o c , o f a N a t l . S c i . F o u n d . 
S y m p o s i u m , Y a l e U n i v e r s i t y , • 1 9 6 2 , p . 3 0 - 3 5 . 
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1 9 6 4 , L a r g e - s c a l e b a c t e r i o g e n i c f r a c t i o n a t i o n o f s u l ­
p h u r i s o t o p e s : P u r e a n d A p p l i e d C h e m i s t r y , v . 8 , 
P . 3 0 5 - 3 1 5 . 
J e n s e n , M . L , , a n d W h i t t l e s , A . W . G . , 1 9 6 9 , S u l f u r i s o t o p e s 
o f t h e N a i r n e P y r i t e D e p o s i t , S o u t h A u s t r a l i a * 
M i n e r a l . D e p o s i t a ( B e r l . ) , v . 4 , p , 2 4 1 - 2 4 ? , 
J o n e s , D , J , , 1 9 5 7 , G e o s y n c l i n a l n a t u r e o f t h e U i n t a B a s i n , 
i n I n t e r m o u n t a i n A s s o c , P e t r o l e u m G e o l o g i s t s G u i d e ­
b o o k 8 t h A n n , F i e l d C o n f , , G e o l o g y o f t h e U i n t a 
B a s i n , U t a h , 1 9 5 7 . p . 3 0 - 3 ^ . 
J o n e s , G . E . , a n d S t a r k e y , R , L , , 1 9 5 7 , F r a c t i o n a t i o n o f 
s t a b l e i s o t o p e s o f s u l f u r b y m i c r o o r g a n i s m s a n d t h e i r 
r o l e i n d e p o s i t i o n o f n a t i v e s u l f u r : A p p l , M i c r o ­
b i o l o g y , v , 5 , p , 1 1 1 - 1 1 5 . 
J o u m a u x , A . , 1 9 5 2 , D e p o t a c t u e l d e v a r v e s l a c u s t r e s e n 
N o r m a n d i e : A c a d . S c i . / P a r i s / , C o m p t e s R e n d u s , v , 
2 3 5 , p . I 6 6 9 - I 6 7 2 , 
J u h a n , J . P . , 1 9 6 5 , S t r a t i g r a p h y o f t h e E v a c u a t i o n C r e e k 
M e m b e r ( G r e e n R i v e r F o r m a t i o n ) , P i c e a n c e C r e e k B a s i n , 
n o r t h w e s t e r n C o l o r a d o : M t n . G e o l o g i s t , v . 2 , p , 1 2 3 -
1 2 8 . 
K a p l a n , I . R . , E m e r y , K . O . , a n d R i t t e n b e r g , S . C . , 1 9 6 3 , 
T h e d i s t r i b u t i o n a n d i s o t o p i c a b u n d a n c e o f s u l f u r i n 
r e c e n t s e d i m e n t s o f s o u t h e r n C a l i f o r n i a : G e o c h i m . 
e t C o s m o c h i m . A c t a , v . 2 7 , p . 2 9 7 - 3 3 1 , 
K a p l a n , I . R . , a n d R i t t e n b e r g , S . C . , I 9 6 3 , T h e m i c r o b i o l o g i c a l 
f r a c t i o n a t i o n o f s u l f u r i s o t o p e s , i n J e n s e n , M . L . , 
e d . , B i o g e o c h e m i s t r y o f s u l f u r i s o t o p e s : P r o c , o f a 
N a t l , S c i . F o u n d . S y m p o s i u m , Y a l e U n i v e r s i t y , 1 9 6 2 , 
p . 8 0 - 9 3 . 
1 9 6 4 , M i c r o b i o l o g i c a l f r a c t i o n a t i o n o f s u l p h u r i s o t o p e s : 
J o u r , G e n e r a l M i c r o b i o l o g y , v , 3 4 , p . 1 9 5 - 2 1 2 , 
K a s t n e r , M i r i a m , 1 9 7 1 , A u t h i g e n i c f e l d s p a r s i n c a r b o n a t e 
r o c k s : Am. M i n e r a l o g i s t , v . 5 6 , p . 1 4 0 3 - 1 4 4 2 . 
K e m p , A . L . W . , a n d T h o d e , H . G . , 1 9 6 8 , T h e m e c h a n i s m o f t h e 
b a c t e r i a l r e d u c t i o n o f s u l p h a t e f r o m i s o t o p i c f r a c t i o n a ­
t i o n s t u d i e s : G e o c h i m , e t C o s m o c h i m A c t a , v . 3 2 , p . 
7 1 - 9 1 . 
K i n n e y , D . M . , 1 9 5 5 , G e o l o g y o f t h e U i n t a R i v e r - B r u s h C r e e k 
a r e a , D u c h e s n e a n d U i n t a h C o u n t i e s , U t a h : U . S . G e o l . 
S u r v e y B u l l . 1 0 0 ? , 1 8 5 p . 
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K l e i n , G . D e V . , 1 9 6 2 , S e d i m e n t a r y s t r u c t u r e s i n t h e K e u p e r 
M a r l ( u p p e r T r i a s s i c ) : G e o l , M a g . , v . 9 9 , p . 1 3 7 - 1 4 4 . 
L a r s o n , E . E . , B r a d l e y , W . C . , a n d O z i m a , M. , 1 9 7 3 , L a t e 
C e n o z o i c b a s i c v o l c a n i s m i n n o r t h w e s t e r n C o l o r a d o 
a n d i t s t e c t o n i c a n d g e o m o r p h i c i m p l i c a t i o n s ( a b s . ) i 
G e o l . S o c A m e r i c a A b s . w i t h P r o g r a m s , v . 5 , n o , 6 , 
p . 4 9 1 . 
L e a r n e r , R . J . , I 9 6 0 , P e t r o l o g y o f s o m e f r e s h - w a t e r l i m e s t o n e s 
f r o m t h e i n t e r m o u n t a i n a r e a ( M . S . t h e s i s ) : S a l t L a k e 
C i t y , U n i v e r s i t y o f U t a h , 1 2 3 p , 
L o g a n , B . W . , R e z a k , R . , a n d G i n s b u r g , R . N . , 1 9 6 4 , C l a s s i f i ­
c a t i o n a n d e n v i r o n m e n t a l s i g n i f i c a n c e o f a l g a l 
s t r o m a t o l i t e s j J o u r . G e o l o g y , v . 7 2 , p . 6 8 - 8 3 . 
L o v e , L . G . , 1 9 7 1 , E a r l y d i a g e n e t i c p o l y f r a m b o i d a l p y r i t e , 
p r i m a r y a n d r e d e p o s i t e d f r o m t h e W e n l o c k i a n B e n g i h n 
G r i t G r o u p , C o n w a y , N o r t h W a l e s , U . K . ? J o u r . S e d , 
P e t r o l o g y , v . 4 1 , p . 1 0 3 8 - 1 0 4 4 . 
L o v e , L . G . , a n d A m s t u t z , G . C . , 1 9 6 6 , R e v i e w o f m i c r o s c o p i c 
p y r i t e 1 F o r t s c h r . M i n e r a l o g i e , v . 4 3 , p . 2 7 3 - 3 0 9 . 
L u d l a m , S . D . , I 9 6 9 , F a y e t t e v i l l e Gx^een L a k e , New Y o r k , I I I . 
T h e l a m i n a t e d s e d i m e n t s : L i m n o l . O c e a n o g . , v . 1 4 , 
p . 8 4 8 - 8 5 7 . 
M a c n a m a r a , J . , a n d T h o d e , H . G . , 1 9 5 0 , C o m p a r i s o n o f t h e 
i s o t o n i c c o n s t i t u t i o n o f t e r r e s t r i a l a n d m e t e o r i t i c 
s u l f u r : P h y s . R e v . , v . 7 8 , p . 3 0 7 - 3 0 8 , 
M a r o w s k y , G , , I 9 6 9 , S c h w e f e l - K o h l e n s t u f f - u n d S a u e r s t o f f -
I s o t o p e n u n t e r s u c h u n g e n am K u p f e r s c h i e f e r a l s B e i t r a g 
z u r g e n e t i s c h e n D e u t u n g : C o n t r , M i n e r a l o g y a n d P e t ­
r o l o g y , v , 2 2 , p , 2 9 0 - 3 3 4 . 
M a u g e r , R . L . , 1 9 7 2 , A s u l f u r i s o t o p e s t u d y o f b i t u m i n o u s 
s a n d s f r o m t h e U i n t a B a s i n , U t a h : I n t e r n a t . G e o l . 
C o n g . , 2 4 t h , M o n t r e a l 1 9 7 2 , C o m p t e s R e n d u s , s e c , 5 . , 
p . 1 9 - 2 7 . 
M a u g e r , R . L . , K a y s e r , R . B . , a n d G w y n n , J . W . , 1 9 7 3 , A s u l f u r 
i s o t o p i c s t u d y o f U i n t a B a s i n H y d r o c a r b o n s : U t a h G e o l . 
a n d M i n e r a l o g , S u r v e y S p e c S t u d i e s 4 1 , 1 7 p . 
M c K e e , E . D . , a n d W e i r , G . W . , 1 9 5 3 , T e r m i n o l o g y f o r s t r a t ­
i f i c a t i o n a n d c r o s s - s t r a t i f i c a t i o n i n s e d i m e n t a r y 
r o c k s : G e o l . S o c A m e r i c a B u l l . , v . 6 4 , p . 3 8 1 - 3 9 0 . 
M c L e r o y , C . A . , a n d A n d e r s o n , R , Y , , 1 9 6 6 , L a m i n a t i o n s o f 
O l i g o c e n e F l o r i s s a n t l a k e d e p o s i t s , C o l o r a d o : G e o l , 
S o c A m e r i c a B u l l . , v . 7 7 , p . 6 0 5 - 6 1 8 . 
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I c e l a n d e r , L . , I 9 6 0 , I s o t o p e e f f e c t s o n r e a c t i o n r a t e s : 
New Y o r k . R o n a l d P r e s s C o . , 1 8 1 p . 
M i l t o n , C , 1 9 5 7 , A u t h i g e n i c m i n e r a l s o f t h e G r e e n R i v e r 
F o r m a t i o n o f t h e U i n t a E a s i n , U t a h , i n I n t e r m o u n t a i n 
A s s o c , P e t r o l e u m G e o l o g i s t s G u i d e b o o k 8 t h A n n . 
F i e l d C o n f . , G e o l o g y o f t h e U i n t a E a s i n , U t a h , 1 9 5 7 * 
p . 1 3 6 - 1 4 3 . 
M i l t o n , C , A x e l r o d , J . M . , a n d G r i m a l d i , F . S . , 1 9 5 5 , New 
m i n e r a l g a r r e l s i t e ( E a , C a , M g ) ^ S i 2 6 B 0 2 Q f r o m t h e 
G r e e n R i v e r F o r m a t i o n , U t a h : G e o l . S o c . A m e r i c a 
B u l l . , v . 6 6 , p . 1 1 8 - 1 5 1 . 
M i l t o n , C , a n d E u g s t e r , K . P . , 1 9 5 9 , M i n e r a l a s s e m b l a g e s 
o f t h e G r e e n R i v e r F o r m a t i o n , i n A b e l s o n , P . M . , e d . , 
R e s e a r c h e s i n g e o c h e m i s t r y : New Y o r k , J o h n W i l e y , 
p , 1 1 8 - 1 5 0 , 
M i t c h e l l , J . G . , a n d M a h e r , J . C . , 1 9 5 7 , S u g g e s t e d a b b r e v ­
i a t i o n s f o r l i t h o l o g i c d e s c r i p t i o n s : Am. A s s o c . 
P e t r o l e u m G e o l o g i s t s B u l l . , v . 4 1 , p . 2 1 0 3 - 2 1 0 7 . 
M i z u t a n i , Y , , a n d R a f t e r , T . A . , 1 9 6 9 , I s o t o p i c c o m p o s i t i o n 
o f s u l p h a t e i n r a i n w a t e r , G r a c e f i e l d , New Z e a l a n d : 
Nev/ Z e a l a n d J o u r , S c i . , v . 1 2 , p . 6 9 - 8 0 . 
M o u s s a , M . T . , I 9 6 8 , F o s s i l t r a c k s f r o m t h e G r e e n R i v e r 
F o r m a t i o n ( E o c e n e ) i n t h e U i n t a E a s i n , U t a h : 
J o u r . P a l e o n . , v . 4 2 , p . 1 4 3 3 - 1 4 3 8 . 
M u l l e r , G . , a n d B l a s c h k e , R . , I 9 6 9 , Z u r E n t s t e h u n g d e s 
T i e f s e e - K a l k s c h l a m m e s i m S c h w a r z e n M e e r : N a t u r w i s s e n -
s c h a f t e n , v . 5 6 , p . 5 6 1 - 5 6 2 . 
N a k a i , N „ 1 9 6 4 , T h e k i n e t i c i s o t o p e e f f e c t i n t h e b a c ­
t e r i a l r e d u c t i o n a n d o x i d a t i o n o f s u l f u r : G e o c h i m . 
e t C o s m o c h i m . A c t a , v . 2 8 , p , 1 8 9 3 - 1 9 1 2 . 
N a k a i , N . , a n d J e n s e n , M . L . , i 9 6 0 , B i o g e o c h e m i s t r y o f 
s u l f u r i s o t o p e s : J o u r . E a r t h S c i . , N a g o y a U n i v e r s i t y , 
v . 8 , p , 1 8 1 . 
1 9 6 4 , T h e k i n e t i c i s o t o p e e f f e c t i n t h e b a c t e r i a l 
r e d u c t i o n a n d o x i d a t i o n o f s u l f u r : G e o c h i m . e t 
C o s m o c h i m . A c t a , v . 2 8 , p . 1 8 9 3 - 1 9 1 2 . 
N i e r , A . O . , 1 9 3 8 , T h e i s o t o p i c c o n s t i t u t i o n o f c a l c i u m , 
t i t a n i u m , s u l f u r , a n d a r g o n : P h y s . R e v . , v . 5 3 , p . 2 8 2 -
2 8 6 . 
O h m o t o , H , , 1 9 7 2 , S y s t e m a t i c s o f s u l f u r a n d c a r b o n i s o ­
t o p e s i n h y d r o t h e r m a l o r e d e p o s i t s : E c o n . G e o l o g y , 
v . 6 7 , p . 5 5 1 - 5 7 8 . 
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C s t l u n d , C , 1 9 5 9 , I s o t o p i c c o m p o s i t i o n o f s u l f u r i n 
p r e c i p i t a t i o n a n d s e a - w a t e r . T e l l u s , v . 1 1 , p , 4 7 8 -
4 8 0 , 
O t t o , G . H . , 1 9 3 8 , T h e s e d i m e n t a t i o n u n i t a n d i t s u s e i n 
f i e l d s a m p l i n g ! J o u r . G e o l o g y , v . 4 6 , p . 5 0 9 - 5 8 2 . 
P e a l , A . C . , 1 8 ? 6 , R e p o r t o n v a l l e y s o f E a g l e , G r a n d , a n d 
G u n n i s o n R i v e r s , C o l o r a d o , i n U . S . G e o l . a n d G e o g , 
S u r v e y T e r r . A n n . R e p t . f o r 1 8 7 4 : p . 1 4 8 - 1 6 1 . 
, 1 8 7 8 , G e o l o g i c a l r e p o r t o n t h e G r a n d R i v e r D i s t r i c t 
( C o l o r a d o ) , i n U . S . G e o l . a n d G e o g . S u r v e y T e r r . 
A n n . R e p t . f o r 1 8 7 6 : p . 1 6 1 - 1 8 2 . 
P e t t i j o h n , F . J . , 1 9 5 7 , S e d i m e n t a r y r o c k s : New Y o r k , H a r p e r 
a n d R o w , 7 1 8 p . 
P e t t i j o h n , F . J . , a n d P o t t e r , P . E . , 1 9 6 4 , A t l a s a n d g l o s s a r y 
o f p r i m a r y s e d i m e n t a r y s t r u c t u r e s : New Y o r k , S p r i n g e r -
V e r l a g , 3 7 0 p . 
P i c a r d , M . D . , 1 9 5 3 , M a r l s t o n e — m i s n o m e r a s u s e d i n U i n t a 
B a s i n , U t a h : Am. A s s o c . P e t r o l e u m G e o l o g i s t s B u l l . , 
v . 3 7 , P . 1 0 7 5 - 1 0 7 7 . 
1 9 5 5 , S u b s u r f a c e s t r a t i g r a p h y a n d l i t h o l o g y o f G r e e n 
R i v e r F o r m a t i o n i n U i n t a B a s i n , U t a h » Am, A s s o c . 
P e t r o l e u m G e o l o g i s t s B u l l , , v . 3 9 , p . 7 5 - 1 0 2 . 
1 9 5 ? a , G r e e n R i v e r a n d l o w e r U i n t a F o r m a t i o n s — 
s u b s u r f a c e s t r a t i g r a p h i c c h a n g e s i n c e n t r a l a n d 
e a s t e r n U i n t a B a s i n , U t a h , i n I n t e r m o u n t a i n A s s o c . 
P e t r o l e u m G e o l o g i s t s G u i d e b o o k 8 t h A n n . F i e l d C o n f . , 
U i n t a B a s i n , U t a h , 1 9 5 7 * p . 1 1 6 - 1 3 0 , 
_ _ 1 9 5 7 b , G r e e n S h a l e F a c i e s , l o w e r G r e e n R i v e r F o r m a t i o n , 
U t a h , v . 4 1 , p . 2 3 7 3 - 2 3 7 6 . 
_ _ 1 9 5 9 » G r e e n R i v e r a n d l o w e r U i n t a F o r m a t i o n s s u b s u r f a c e 
s t r a t i g r a p h y i n w e s t e r n U i n t a B a s i n , U t a h , i n I n t e r ­
m o u n t a i n A s s o c , P e t r o l e u m G e o l o g i s t s G u i d e b o o k 1 0 t h 
A r m . F i e l d C o n f , , W a s a t c h a n d U i n t a M o u n t a i n s , U t a h , 
1 9 5 9 t p . 1 3 9 - 1 4 9 . 
I 9 6 3 , D u r a t i o n o f E o c e n e l a k e , U i n t a B a s i n , U t a h : 
G e o l . S o c . A m e r i c a l B u l l . , v . 7 4 , p . 8 9 - 9 0 . 
1 9 6 6 , O r i e n t e d , l i n e a r - s h r i n k a g e c r a c k s i n G r e e n R i v e r 
F o r m a t i o n ( E o c e n e ) , R a v e n R i d g e a r e a , U i n t a E a s i n , U t a h : 
J o u r . S e d . P e t r o l o g y , v . 3 6 , p . 1 0 5 0 - 1 0 5 7 . 
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2 ? 0 
•• 1 9 6 ? . P a l e o c u r r e n t s a n d s h o r e l i n e o r i e n t a t i o n s i n 
G r e e n R i v e r F o r m a t i o n ( E o c e n e ) , R a v e n R i d g e a n d R e d 
W a s h a r e a s , n o r t h e a s t e r n U i n t a E a s i n , U t a h , Am. 
A s s o c . P e t r o l e u m G e o l o g i s t s B u l l . , v . 5 1 , p . 3 8 3 - 3 9 2 . 
1 9 7 1 , C l a s s i f i c a t i o n o f f i n e - g r a i n e d s e d i m e n t a r y r o c k s 1 
J o u r . S e d . P e t r o l o g y , v . 4 l , p . 1 7 9 - 1 9 5 . 
P i c a r d , M . D . , a n d H i g h , L . R . , J r . , 1 9 7 0 , S e d i m e n t o l o g y o f 
o i l - i m p r e g n a t e d , l a c u s t r i n e a n d f l u v i a l s a n d s t o n e , 
P . R , S p r i n g a r e a , s o u t h e a s t U i n t a B a s i n , U t a h , U t a h 
G e o l . a n d M i n e r a l o g . S u r v e y S p e c . S t u d i e s 3 3 1 3 2 p . 
1 9 7 2 a , C r i t e r i a f o r r e c o g n i z i n g l a c u s t r i n e r o c k s , i n 
R i g b y , J . K . , a n d H a m b l i n , W . K . , e d s . , R e c o g n i t i o n "of 
a n c i e n t s e d i m e n t a r y e n v i r o n m e n t s : S o c . E c o n . P a l e o n t o l o ­
g i s t s a n d M i n e r a l o g i s t s S p e c , P u b , 1 6 , p . 1 0 8 - 1 4 5 . 
_ 1 9 7 2 b , P a l e © e n v i r o n m e n t a l r e c o n s t r u c t i o n i n a n a r e a 
o f r a p i d f a c i e s c h a n g e , P a r a c h u t e C r e e k M e m b e r o f 
G r e e n R i v e r F o r m a t i o n ( E o c e n e ) , U i n t a B a s i n , U t a h : 
G e o l . S o c , A m e r i c a B u l l . , v . 8 3 , p . 2 6 8 9 - 2 7 0 8 . 
P i c a r d , M . D . , T h o m p s o n , W . D . , a n d W i l l i a m s o n , C . R . , 1 9 7 3 , 
P e t r o l o g y , g e o c h e m i s t r y a n d s t r a t i g r a p h y o f B l a c k 
S h a l e F a c i e s o f G r e e n R i v e r F o r m a t i o n ( E o c e n e ) , 
U i n t a B a s i n , U t a h : U t a h G e o l . a n d M i n e r a l o g . S u r v e y 
B u l l . 1 0 0 , 5 2 p . 
P i t m a n , J . K . , a n d D o n n e l l , J . R . , 1 9 7 3 , P o t e n t i a l s h a l e - o i l 
r e s o u r c e s o f a s t r a t i g r a p h i c s e q u e n c e a b o v e t h e 
M a h o g a n y z o n e , G e e e n R i v e r F o r m a t i o n , P i c e a n c e C r e e k 
B a s i n , C o l o r a d o : U . S . G e o l . S u r v e y J o u r . R e s e a r c h , 
v . 1 , p , 4 6 7 - 4 7 3 . 
R a n k a m a , K . , I 9 6 3 , P r o g r e s s i n i s o t o p e g e o l o g y : New Y o r k , 
I n t e r s e x e n c e , 7 0 5 p . 
R e e s , C . E . , 1 9 7 3 , A s t e a d y - s t a t e m o d e l f o r s u l f u r i s o t o p e 
f r a c t i o n a t i o n i n b a c t e r i a l r e d u c t i o n p r o c e s s e s : 
G e o c h i m , e t C o s m o c h i m . A c t a , v . 3 7 , p . 1 1 4 1 - 1 1 6 2 . 
R e e v e s , C C , J r . , 1 9 6 8 , I n t r o d u c t i o n t o p a l e o l i m n o l o g y : 
New Y o r k , E l s e v i e r , 2 2 8 p . 
R e i n e c k , H . S . , a n d S i n g h , I . B . , 1 9 7 3 , D e p o s i t i o n a l s e d i m e n ­
t a r y e n v i r o n m e n t s : New Y o r k , S p r i n g e r - V e r l a g , 4 3 9 p . 
R i t z m a , H . R . , I 9 6 5 , P i c e a n c e C r e e k S a n d s t o n e , b a s a l G r e e n 
R i v e r S a n d s t o n e T o n g u e , n o r t h e a s t P i c e a n c e C r e e k B a s i n , 
C o l o r a d o : M t n . G e o l o g i s t , v , 2 , p , 1 0 3 - 1 0 7 . 
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2 ? 1 
R o b i n s o n , P . 1 9 7 2 , T e r t i a r y h i s t o r y , i n M a l l o r y , W . W . , 
e d , , G e o l o g i c a t l a s o f t h e R o c k y M o u n t a i n r e g i o n : 
D e n v e r , R o c k y M o u n t a i n G e o l , A s s o c . , p , 2 3 3 - 2 4 2 . 
R o b i n s o n , W . E . , 1 9 6 9 , K e r o g e n o f t h e G r e e n R i v e r F o r m a t i o n , 
i n E g l i n t o n , G . f a n d M u r p h y , M . T . J . , e d s . , O r g a n i c 
g e o c h e m i s t r y m e t h o d s a n d r e s u l t s : New Y o r k , S p r i n g e r -
V e r l a g , p , 6 1 9 - 6 3 6 , 
R o y s e , C . F . , J r . , V / a d e l l , J . S . , a n d P e t e r s e n , L . E . , 1 9 7 1 . 
X - r a y d e t e r m i n a t i o n o f c a l c i t e - d o l o m i t e : a n e v a l u a ­
t i o n : J o u r . S e d . P e t r o l o g y , v . 4 l , p . 4 8 3 - 4 8 8 . 
R y e , R . O . , a n d O h m o t o , H . , 1 9 7 ^ , S u l f u r a n d c a r b o n i s o ­
t o p e s a n d o r e g e n e s i s : a r e v i e w : E c o n , G e o l o s y , v . 6 9 , 
p . 8 2 6 - 8 4 2 . 
S a n g s t e r , D . F . , 1 9 6 8 , R e l a t i v e s u l p h u r i s o t o p e a b u n d a n c e s 
o f a n c i e n t s e a s a n d s t r a t a b o u n d s u l p h i d e d e p o s i t s : 
G e o l . A s s o c . C a n a d a P r o c , v . 1 9 , p . 7 9 - 9 1 , 
S c h w a r c z , H . P . , a n d B u r n i e , S . W . , 1 9 7 3 , I n f l u e n c e o f 
s e d i m e n t a r y e n v i r o n m e n t s o n s u l f u r i s o t o p e r a t i o s 
i n c l a s t i c r o c k s : a r e v i e w : M i n e r a l . D e p o s i t s ( B e r l . ) , 
v . 8 , p . 2 6 4 - 2 7 7 . 
S h e a r m a n , D . J . a n d F u l l e r , J . G . C . M . , 1 9 6 9 , A n h y d r i t e d i s ^ -
g e n e s i s , c a l c i t i z a t i o n , a n d o r g a n i c l a m n i t e s , 
W i n n i p e g o s i s F o r m a t i o n , m i d d l e S a s k a t c h e w a n : 
C a n a d i a n P e t r o l e u m G e o l o g y B u l l . , v . 1 7 , p . 4 9 6 - 5 2 5 . 
S h e p a r d , F . P . , 1 9 6 3 , S u b m a r i n e g e o l o g y : New Y o r k , H a r p e r 
a n d R o w , 3 5 0 p . 
S m i t h , J . W . , I 9 6 9 , T h e o r e t i c a l r e l a t i o n s h i p b e t w e e n d e n s i t y 
a n d o i l y i e l d f o r o i l s h a l e s : U . S . B u r . M i n e s R e p t . 
I n v . 7 2 4 8 , 1 4 p . 
S m i t h , J . W . , a n d R o b b , W . A . , 1 9 7 3 , A r a g o n i t e a n d t h e g e n e s i s 
o f c a r b o n a t e s i n M a h o g a n y z o n e o i l s h a l e s o f C o l o r a d o ' s 
G r e e n R i v e r F o r m a t i o n : U . S . E u r . M i n e s R e p t , I n v . 7 7 2 7 , 
2 1 p . 
S m i t h , J . W . , T r u d e l l , L . G . , a n d S t a n f i e l d , K . E , , 1 9 6 8 , 
C h a r a c t e r i s t i c s o f G r e e n R i v e r F o r m a t i o n o i l s h a l e s 
a t E u r e a u o f M i n e s W y o m i n g c o r e h o l e n o . 1 : U . S . B u r . 
M i n e s R e p t . I n v . 7 1 7 2 , 9 2 p . 
S m i t h , J . W . j Y o u n g , N . B . , a n d L a v / l o r , D . L . , 1 9 6 4 , D i r e c t 
d e t e r m i n a t i o n o f s u l f u r f o r m s i n G r e e n R i v e r o i l s h a l e : 
A n a l . C h e m . , v . 3 6 , p . 6 1 8 - 6 2 2 . 
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2 7 2 
S t o k e s , W i l l . , 1 9 ^ 4 , E o l i a n v a r v i n g i n t h e C o l o r a d o P l a t e a u i 
J o u r , S e d , P e t r o l o g y , v . 3 4 , p . 4 2 2 - 4 3 2 , 
S t r ^ m , K . M . , 1 9 3 9 ? L a n d - l o c k e d w a t e r s a n d t h e d e p o s i t i o n 
o f b l a c k m u d s , i n T r a s k , P . D . , e d . , R e c e n t m a r i n e 
s e d i m e n t s ? T u l s a , Am, A s s o c . P e t r o l e u m G e o l o g i s t s , 
P . 3 5 6 - 3 7 2 . 
S t u i v e r , M . , 1 9 6 ? , T h e s u l f u r c y c l e i n l a k e w a t e r s d u r i n g 
t h e r m a l s t r a t i f i c a t i o n : G e o c h i m . e t C o s m o c h i m . A c t a , 
v . 3 1 , p . 2 1 5 1 - 2 1 6 7 . 
S u n a g a w a , I . , E n d o , Y . , a n d N a k a i , N . , 1 9 7 1 , H y d r o t h e r m a l 
s y n t h e s i s o f f r a m b o i d a l p y r i t e : S o c , M i n i n g G e o l o g i s t s 
J a p a n , S p e c , I s s u e 2 , p . 1 0 - 1 4 , 
S u r d a m , R . C . , a n d P a r k e r , R . B . , 1 9 7 2 , A u t h i g e n i c a l u m i n o -
s i l i c a t e m i n e r a l s i n t h e t u f f a c e o u s r o c k s o f t h e 
G r e e n R i v e r F o r m a t i o n , W y o m i n g : G e o l . S o c . A m e r i c a 
B u l l . , v . 8 3 , p . 6 8 9 - 7 0 0 . 
S w e e n e y , R . E . , a n d K a p l a n , I . R . , 1 9 7 3 , P y r i t e f r a m b o i d a l 
f o r m a t i o n : l a b o r a t o r y s y n t h e s i s a n d m a r i n e s e d i m e n t s : 
E c o n . G e o l o g y , v . 6 8 , p . 6 1 8 - 6 3 4 . 
S z a b o , A . , T u d g e , A . , M a c n a m a r a , J , , a n d T h o d e , H . G . , 1 9 5 0 , 
t h e d i s t r i b u t i o n o f S 3 4 i n n a t u r e a n d t h e s u l f u r 
c y c l e : S c i e n c e , v . I l l , p . 4 6 4 - 4 6 5 . 
T h o d e , H . G . , 1 9 7 0 , S u l f u r i s o t o p e g e o c h e m i s t r y a n d f r a c ­
t i o n a t i o n b e t w e e n c o e x i s t i n g s u l f i d e m i n e r a l s , i n 
M i n e r a l o g y a n d p e t r o l o g y o f t h e u p p e r m a n t l e \ s u l ­
f i d e s ; m i n e r a l o g y a n d g e o c h e m i s t r y o f n o n - m a r i n e 
e v a p o r i t e s — s y m p o s i a , 5 0 t h , A t l a n t i c C i t y , N . J . , 
1 9 6 9 : M i n e r a l o g . S o c A m e r i c a S p e c P a p e r 3 , P . 1 3 3 -
1 4 4 . 
T h o d e , H . G . , D u n f o r d , G . B . , a n d S i h m a , M . , 1 9 6 2 , S u l f u r 
i s o t o p e a b u n d a n c i e s i n r o c k s o f t h e S u d b u r y D i s t r i c t 
a n d t h e i r g e o l o g i c a l s i g n i f i c a n c e : E c o n , G e o l o g y , 
v . 5 7 , P . 5 6 5 - 5 7 8 . 
T h o d e , H . G . , K i e e r e k o p e r , H . , a n d M c E l c h e r a n , D , , 1 9 5 1 , 
I s o t o p e f r a c t i o n a t i o n i n t h e b a c t e r i a l r e d u c t i o n o f 
s u l p h a t e : R e s e a r c h ( L o n d o n ) , v . 4 , p . 5 8 1 - 5 8 2 . 
T h o d e , H , G . , M o n s t e r , J . , a n d D u n f o r d , H . B . , 1 9 5 8 , S u l f u r 
i s o t p e a b u n d a n c e s i n p e t r o l e u m a n d a s s o c i a t e d m a t e r i a l s : 
Am. A s s o c , P e t r o l e u m G e o l o g i s t s B u l l . , v . 4 2 , p . 2 6 1 9 -
2 6 4 1 . 
I 
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p a r t i c l e - s i z e d i s t r i b u t i o n o f i n o r g a n i c c o n s t i t u e n t s : 
J o u r . C h e m . E n g . D a t a , v . 5» p . 5 5 8 - 5 6 2 , 
I 9 6 3 , P h y s i c a l s t r u c t u r e o f G r e e n R i v e r o i l s h a l e 
f r o m C o l o r a d o : U . S . B u r . M i n e s R e p t . I n v . 6 1 6 4 , 
2 4 p . 
T r u d e l l , L . G . , B e a r d , T . N . , a n d S m i t h , J . W . , 1 9 7 0 , 
G r e e n R i v e r F o r m a t i o n l i t h o l o g y a n d o i l s h a l e 
c o r r e l a t i o n s i n t h e P i c e a n c e C r e e k B a s i n 9 C o l o r a d o : 
U . S . B u r , M i n e s R e p t . I n v . 7 3 5 7 . 2 2 6 p . 
T r u d i n g e r , P . A . , a n d C h a m b e r s , L . A . , 1 9 7 3 . R e v e r s i b i l i t y 
o f b a c t e r i a l s u l f a t e r e d u c t i o n a n d i t s r e l e v a n c e t o 
i s o t o p e f r a c t i o n a t i o n : G e o c h i m . e t C o s m o c h i m A c t a , 
v . 3 7 . P . 1 7 7 5 - 1 7 7 8 . 
T u d g e , A . P , , a n d T h o d e , H . G . , 1 9 5 1 . T h e r m o d y n a m i c p r o p e r t i e s 
o f i s o t o p i c c o m p o u n d s o f s u l p h u r : C a n a d i a n J o u r . 
R e s e a r c h , v , 2 8 , p . 5 6 7 - 5 7 8 . 
T w e n h o f e l , W . H . , 1 9 3 9 . P r i n c i p l e s o f s e d i m e n t a t i o n : New 
Y o r k , M c G r a w H i l l , 6 1 0 p * 
T w e n h o f e l , W . H . , C a r t e r , S . L . , a n d M c K e l v e y , Y . E . , 1 9 ^ - 2 , 
T h e s e d i m e n t s o f G r a s s y L a k e , V i l a s C o u n t y , a l a r g e 
b o g l a k e o f n o r t h e r n W i s c o n s i n : Am. J o u r . S c i . , 
v . 2 4 0 , p . 5 2 9 - 5 ^ 6 . 
U d d e n , J . A . , 1 9 2 4 , L a m i n a t e d a n h y d r i t e i n T e x a s : G e o l . 
S o c . A m e r i c a B u l l . , v . 3 5 , p . 3 ^ 7 - 3 5 ^ . 
U r e y , H . C . , 1 9 ^ - 7 . T h e t h e r m o d y n a m i c p r o p e r t i e s o f i s o t o p i c 
s u b s t a n c e s : C h e m . S o c . J o u r . ( L o n d o n ) , v . 1 9 4 7 . 
p . 5 6 2 - 5 8 1 . 
V a l l e n t y n e , J . R . , I 9 6 3 , I s o l a t i o n o f p y r i t e s p h e r u l e s f r o m 
r e c e n t s e d i m e n t s : L i m n o l . O c e a n o g . v . 8 , p , 1 6 - 3 0 . 
V a n H o u t e n , F , B , , 1 9 6 2 , C y c l i c s e d i m e n t a t i o n a n d t h e o r i g i n 
o f a n a l c i m e - r i c h u p p e r T r i a s s i c L o c k a t o n g F o r m a t i o n , 
w e s t - c e n t r a l New J e r s e y a n d a d j a c e n t P e n n s y l v a n i a : 
Am. J o u r , S c i , , v , 2 6 0 , p , 5 6 1 - 5 7 6 , 
V i n o g r a d o v , A . P , , G r i n e n k o , V . A . , a n d U s t i n o v . , V . I . , I 9 6 2 , 
I s o t o p i c c o m p o s i t i o n o f s u l f u r c o m p o u n d s i n t h e B l a c k 
S e a : G e o c h e m i s t r y , v . 1 0 , p . 9 7 3 - 9 9 7 . 
V i s h e r , G . S . , 1 9 7 2 , P h y s i c a l c h a r a c t e r i s t i c s o f f l u v i a l 
d e p o s i t s , i n R i g b y , J . K . , a n d K a m b l i n , W , K , , e d s . , 
R e c o g n i t i o n o f a n c i e n t s e d i m e n t a r y e n v i r o n m e n t s : S o c . 
E c o n . P a l e o n t o l o g i s t s a n d M i n e r a l o g i s t s S p e c . P a p e r 
1 6 , p . 8 4 - 9 7 . 
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2 ? 4 
V r e d e n b u r g h , L . D . , a n d C h e n e y , E . S . , 1 9 7 1 , S u l f u r a n d 
c a r b o n i s o t o p i c i n v e s t i g a t i o n o f p e t r o l e u m , W i n d 
R i v e r E a s i n , W y o m i n g i Am. A s s o c P e t r o l e u m G e o l o g i s t s 
B u l l . , v , 5 5 , p . 1 9 5 ^ - 1 9 7 5 . 
W a r d l a w , N . C . , a n d S c h w e r d t n e r , W . M . , 1 9 6 6 , H a l i t e - a n h y d r i t e 
s e a s o n a l l a y e r s i n t h e m i d d l e D e v o n i a n P r a i r i e E v a p -
o r i t e F o r m a t i o n , S a s k a t c h e w a n , C a n a d a : G e o l , S o c . 
A m e r i c a B u l l . , v . 7 7 , p . 3 3 1 - 3 ^ 2 . 
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B i r t h p l a c e 
B i r t h d a t e 
H i g h S c h o o l 
C o l l e g e 
U n i v e r s i t i e s 
D e g r e e s 
P r o f e s s i o n a l 
O r g a n i s a t i o n s 
P r o f e s s i o n a l P o s i t i o n s 
R e x D o n C o l e 
D e l t a , C o l o r a d o 
J u n e 1 , 1 9 ^ 8 
D e l t a H i g h S c h o o l 
D e l t a , C o l o r a d o 
M e s a C o l l e g e 
G r a n d J u n c t i o n , C o l o r a d o 
1 9 6 6 - 1 9 6 8 
C o l o r a d o S t a t e U n i v e r s i t y 
F o r t C o l l i n s , C o l o r a d o 
1 9 6 8 - 1 9 7 0 
U n i v e r s i t y o f U t a h 
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1 9 7 0 - 1 9 7 5 
A . S . , M e s a C o l l e g e 
G r a n d J u n c t i o n , C o l o r a d o 
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